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FINAL  REPORT,  DAMD17-01-1-0765 

TITLE:  Common  Mechanisms  of  Neuronal  Cell  Death  after  Exposure  to  Diverse  Environmental  Insults: 
Implications  for  Treatment 

INTRODUCTION  AND  BACKGROUND 

This  final  report  summarizes  research  to  study  pathobiological  mechanisms  of  traumatic  brain  injury 
(TBI).  TBI  has  historically  been  a  major  civilian  health  problem.  However,  our  recent  experience  in  Iraq 
indicates  that  TBI  is  a  major  challenge  for  military  medicine.  More  than  60%  of  combat  casualties 
probably  experience  attendant  brain  injuries.  Many  of  these  injuries  go  undiagnosed  in  the  combat 
environment.  Thus,  it  has  become  increasingly  important  to  understand  the  basic  pathobiology  of  TBI  and 
to  develop  insights  that  would  lead  to  non-invasive  diagnostics  useful  in  combat  environments.  Our 
laboratory  and  others  have  consistently  demonstrated  the  important  roles  of  two  families  of  cysteine 
proteases,  calpains  and  caspases,  and  the  study  of  these  proteases  is  the  central  theme  of  this  proposal. 

This  proposal  was  originally  submitted  by  Dr.  Brian  Pike  who  left  academic  research  and  turned  the 
proposal  over  to  Dr.  Ronald  L.  Hayes  shortly  after  the  grant  was  awarded.  Since  Dr.  Pike’s  departure, 
research  emphases  have  evolved.  This  evolution  has  occurred  in  response  to  scientific  advances  made 
since  original  submission  of  the  proposal  as  well  as  the  desire  of  Dr.  Hayes  to  provide  important  insights 
into  pathobiological  mechanisms  of  brain  injury  that  would  have  the  broadest  application  to  studies  of 
acute  injury  and  neurodegeneration  both  in  military  and  civilian  contexts.  However,  this  evolution  has 
remained  faithful  to  the  original  hypothesis  of  the  proposal  that  “regardless  of  injury  mechanism,  a 
relatively  small  subset  of  cellular  and  molecular  events  is  responsible  for  the  vast  majority  of  cell  death” 

(p  5).  In  addition.  Dr.  Pike  pointed  out  that  “while  calpain  and  caspases  have  been  widely  implicated  as 
mediators  of  cell  death,  rapid  progress  in  understanding  mechanisms  contributing  to  protease  regulation 
and  cell  death  is  hindered  in  animal  models  of  CNS  injury  (p  5).”  The  evolution  of  our  studies  has 
reflected  both  a  continuing  and  productive  elaboration  of  pathobiological  mechanisms  of  calpain  and 
caspase-3  activation.  In  addition,  while  Dr.  Pike  originally  felt  that  in  vitro  studies  would  provide  the 
major  opportunity  for  examining  proteolytic  mechanisms  of  cell  death,  we  and  others  have  made  rapid 
advances  in  the  development  of  biomarkers  allowing  non-invasive  study  of  proteolytic  pathology  in  in 
vivo  models  and  ultimately  in  humans.  The  body  of  the  report  summarizes  data  collected  and  is  organized 
under  revised  SOWs  reflecting  the  evolved  research  goals  of  the  proposal. 

SOWs  1  and  2  provide  detailed  summaries  of  data  that  are  directly  relevant  to  SOWs  included  in  the 
original  proposal.  These  studies  were  completed  during  the  funding  period  of  the  original  proposal  and 
included  major  contributions  by  Dr.  Pike,  as  reflected  in  the  authorship.  However,  funding  support  for  this 
work  under  the  present  proposal  was  inappropriately  omitted.  In  any  case,  the  data  outlined  in  SOWs  1 
and  2  provide  documentation  of  significant  progress  directly  relevant  to  the  original  proposal.  It  is  also 
important  to  understand  that  the  original  proposal  focused  on  comparing  a  variety  of  more  clinically 
relevant  insults  (e.g.  ischemia/stretch  injury,  glutamate)  to  neurotoxin-induced  damage.  The  proposed 
neurotoxins  were  maitotoxin  and  staurosporine  (p  18).  Thus,  data  summarized  in  SOW  1  and  2  both 
support  the  fidelity  of  the  research  conducted  to  the  major  hypotheses  of  the  original  proposal  as  well  as 
provide  a  background  for  other  research  supported  by  this  initiative. 

BODY 
SOW  1 

Hypothesis:  Distinct  cell  death  modalities  are  better  defined  hy  biochemical  markers  of  proteolysis 
than  by  standard  approaches  of  phenotypic  descriptions  of  apoptosis  and  necrosis.  Oxygen  glucose 
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deprivation  (OGD)  produces  differential  activation  of  caspase-3  and  calpain  that  can  accurately 
characterize  necrotic  and  apoptotic  cell  death  mechanisms. 

The  original  hypothesis  of  this  proposal  for  SOW  1  was:  “to  test  the  hypothesis  that  various  CNS-related 
insults  produeed  differential  aetivation  of  oaspase-3  and  ealpain  depending  upon  the  pathologieal  signal 
and/or  neuronal  eell  type.  Distinet  eell  death  modalities  are  better  defined  by  sueh  bioehemieal  markers 
than  by  standard  approaches  of  phenotypic  descriptions  of  apoptosis  and  necrosis”  (p  4).  The  original 
SOW  proposed  to  examine  calpain  and  caspase-3  activation  in  primary  mixed  and  neuronally  enhanced 
septo-hippocampal  cultures  following  CNS-related  insults  (mechanical  stretch  injury,  glucose-oxygen 
deprivation,  glutamate  toxicity)  or  neurotoxin  production  of  apoptotic  (by  staurosporine)  or  necrotic  (by 
maitotoxin)  cell  death  phenotypes.  The  SOW  further  proposed  to  examine  relationships  between 
archetypal  apoptotic  and  necrotic  cell  death  phenotypes  and  calpain  and  caspase-3  activation  after  CNS- 
related  injury  or  after  neurotoxin  exposure  (p  4). 

The  current  SOW  closely  follows  the  major  thrust  of  research  proposed  in  SOW  1  of  the  original 
proposal  and  is  based  on  uniquely  comprehensive  studies  by  our  laboratory,  including  research  conducted 
by  Dr.  Pike,  systematically  examining  the  relationship  between  biochemical  markers  of  necrosis  and 
apoptosis  and  phenotypic  expression  of  necrotic  and  apoptotic  cell  death.  These  studies  employed 
examination  of  processing  of  a-spectrin  by  calpain  and  caspase-3  as  markers  of  protease  activation 
potentially  associated  with  necrosis  (calpain  activation)  or  apoptosis  (caspase-3  activation)  and  generally 
employed  primary-septo-hippocampal  cultures,  one  of  the  more  clinically  relevant  culture  systems 
employed  in  CNS  injury  studies.  This  previous  research  had  established  that  varying  insults  produced 
different  patterns  of  protease  activation  and  necrotic  and  apoptotic  cell  death.  The  neurotoxin, 
staurosporine,  reliably  induces  apoptosis  and  was  associated  with  robust  activation  of  caspase-3,  as  well 
as  classic  phenotypic  markers  of  apoptosis  including  membrane  blebbing  and  nuclear  chromatin 
condensation.  Surprisingly,  there  was  also  reliable  activation  of  calpain,  suggesting  that  calpain  could  also 
play  a  role  in  some  forms  of  expression  of  the  apoptotic  phenotype  (Pike  et  aL,  J  Neurosci.  Res.,  1998). 
In  contrast,  maitotoxin,  a  neurotoxin  that  activates  voltage  and  receptor-mediated  calcium  channels  and 
produces  necrosis,  produced  significant  calpain  but  not  caspase-3  activation.  Thus,  these  data  suggested 
that  calpain  activation  was  a  major  contributor  to  necrotic  cell  death  (Zhao  et  al.,  Neurochem.  Res., 
1999).  These  observations  were  extended  to  a  novel  in  vitro  model  of  stretch  injury  which  approximates 
biomechanical  forces  seen  in  TBI  in  vivo  (Pike  et  al.,  J  Neurotrauma,  2000).  Stretch  injury  was 
associated  with  prominent  and  rapid  calpain  activation  with  delayed  caspase-3  activity  at  much  lower 
levels.  Thus,  as  our  in  vivo  data  confirm  (see  SOW  5B  below),  mechanical  injury  is  reliably  associated 
with  a  predominance  of  calpain  activation.  Glutamate  toxicity  is  thought  to  be  a  major  component  of 
acute  CNS  injury.  We  showed  novel  characteristics  of  glutamate-induced  cell  death  in  primary  septo- 
hippocampal  cultures  and  examined  their  relationship  to  calpain  and  caspase-3  protease  activation  (Zhao 
et  al.,  JCBFM,  2000).  Importantly,  glutamate  toxicity  was  associated  with  a  previously  undescribed  cell 
death  phenotype  that  differed  from  necrotic  or  apoptotic  changes  observed  after  maitotoxin  or 
staurosporine  exposure,  respectively.  However,  expression  of  this  cell  death  phenotype  was  associated 
with  increases  in  calpain  and  caspase-3  activation. 

In  summary,  this  line  of  research  had  lead  us  to  conclude  that  exclusive  reliance  on  phenotypic 
expression  of  cell  death,  the  classic  approach  to  descriptions  of  necrosis  and  apoptosis,  was 
unsatisfactory.  However,  in  the  early  phase  of  this  proposal  we  wanted  to  expand  this  body  of  research  to 
examine  the  relationship  of  cell  death  phenotype  and  protease  activation  in  an  in  vitro  model  of  ischemia, 
oxygen-glucose  deprivation  in  primary  septo-hippocampal  cultures. 

SOW  1-Plan 
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To  examine  calpain  and  caspase-3  activation  in  primary  mixed  and  neuronally  enhanced  septo- 
hippocampal  cultures  following  the  clinically  relevant,  CNS-related  insult,  glucose-oxygen  deprivation 
(OGD)  and  to  compare  this  toxicity  to  assessments  of  toxicity  produced  by  neurotoxins  (staurosporine, 
maitotoxin). 


In  this  SOW,  we  systematically  examined  the  relationship  between  calpain  and  caspase-3  activity  and 
necrotic  and  apoptotic  cell  death  phenotypes  in  a  widely  used  in  vitro  model  of  ischemia,  oxygen-glucose 
deprivation  (Newcomb-Fernandez  et  aL,  2001).  Importantly,  this  was  the  first  study  to  investigate  the 
concurrent  activation  of  calpain  and  caspase-3  in  archetypal  necrotic  and  apoptotic  cell  death  phenotypes 
after  any  CNS  insult.  Experiments  used  a  model  of  OGD  in  primary  septo-hippocampal  cultures  and 
assessed  cell  viability,  occurrence  of  apoptotic  and  necrotic  cell  death  phenotypes,  and  protease 
activation.  Experiments  focused  on  10  hrs  of  OGD  combined  with  24  hrs  of  reperfusion  (normoxia  after 
OGD).  Immunoblots  using  an  antibody  detecting  calpain  and  caspase-3  proteolysis  of  a-spectrin  showed 
greater  accumulation  of  calpain-mediated  breakdown  products  (BDPs)  compared  with  caspase-3  BDPs. 
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HG.  4.  Calpain-  and  caspase-3-medi- 
ated  proteolysis  of  o -spectrin  after  oxy¬ 
gen-glucose  deprivation  (OGD).  (A) 
Representative  Western  blot  showing 
calpain-  and  caspase-3-mediated  pro¬ 
teolysis  of  a-spectrin  after  OGD.  Control 
samples  and  samples  collected  imme¬ 
diately  (0  hour)  after  injury  showed  no 
evidence  of  calpain-mediated  proteoly¬ 
sis  of  a-spectrin.  Accumulalion  of  the 
150-  and  145-kDa  BDPs  was  detected 
3, 1 2. 24,  and  48  hours  after  OGD.  Mod¬ 
erate  Increases  In  the  caspase-3- 
mediated  BDP  were  detected  after  in¬ 
jury,  but  fomriation  of  the  120-kDa  BDP 
was  variable.  (B)  Cal  pain- and  caspase- 
3-medlated  proteolysis  of  a-spectrin 
semi  quantitative  analysis.  Data  from 
multiple  Western  blots  analyzing  a- 
spectrin  proteolysis  were  acquired  as 
integrated  densitometric  values  and 
transformed  to  percentages  of  the  den¬ 
sitometric  values  obtained  from  control 
samples.  Formation  of  the  150-  and 
145-kDa  BDPs  was  increased  after 
OGD  with  3,  12,  24,  and  48  hours  of 
reperfusion.  whereas  modest  degrada¬ 
tion  of  native  a-spectrin  (240  kDa)  was 
detected  after  48  hours  of  reperfusion. 
Accumulation  of  the  caspase-S-medi- 
ated  1 20-kDa  BDP  was  variable.  *P  < 
0.01.  -j-P  <  0.001.  (C)  Activation  of 
caspase-3  after  OGD.  Proteolysis  of 
caspase-3  (32  kDa)  to  the  activated  Iso¬ 
form  (17  kDa)  was  examined  after  10 
hours  of  OGD  and  0, 12, 24,  or  48  hours 
of  reperfusion.  Degradation  of  the  pro¬ 
enzyme  (32  kDa)  was  evident  12,  24, 
and  48  hours  after  injury.  Proteolysis  of 
caspase-3  into  the  17-kDa  subunit  was 
detected  with  all  lengths  of  reperfusion 
examined. 


C 

As  shown  in  Eig  4  from  the  original  manuscript,  robust  accumulation  of  calpain  mediated  proteolysis  was 
detected  using  a-spectrin  for  up  to  48  hrs  following  OGD.  Moderate  increases  in  the  caspase-3  mediated 
BDP  were  detected  after  injury,  but  formation  of  this  BDP  was  variable  (Pig  4A-4B).  However,  an 
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antibody  specifically  detecting  the  activated  form  of  caspase-3  was  able  to  detect  evidence  of  caspase-3 
activation  (Fig  4C).  Administration  of  calpain  and  caspase-3  inhibitors  confirmed  that  activation  of  these 
proteases  contributed  to  cell  death,  as  inferred  by  lactate  dehydrogenase  (LDH) 
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FIG.  S.  Effect  cl  piolsas^  inhibition  on  lactate  dehyxlro^a- 
naaa  I’LDH)  release  follovting  oxygen-glucose  deprivation 
(OGD).  Cultures  were  subjected  to  OGD  (10  hours  <^12  hours  ol 
reperfusion)  alone,  or  combined  with  varying  doses  of  protease 
inhibitors.  Cell  viability  was  assessed  by  meesuring  LDH  release 
and  expsessed  as  pkcent  of  ocnirol.  Sicpificanl  decreases  in 
LDH  release  were  detected  with  administration  of  Cl-d  (100 
pmobtl  compared  to  vehcle-treated  cultures.  DEVD-fmk  (100 
pmol'Lralaornhtited  LDH  release;  however,  decreases  were  not 
statistically  signifioant  compered  to  vehicle-treated  cultures. 

Z-D-DCB  1.100  pmci’Li  had  no  effect  on  cell  viability.  DMSO  (2 
pL'hrL)  also  decreased  LDH  release,  but  its  effect  was  not  sig- 
nificanlly  dfferent  from  the  OGD'Vredia  cultures.  'P  <  0.05  arid 
fP  «  0.001  compared  lo  control;  JP  <  0.05  and  §P  <  0.001 
ocnpered  to  OGD'htedia;  'P  <  0.01  compered  to  vehide-tieated 
OGD.  (B)  Effect  of  protease  inhibition  on  o-specliin  prolsofysis. 

Vfeslem  bict  analyses  ol  a-spectrin  proteolysis  assessed  inhibi- 
ticn  of  appropriate  proteases  CL3  (irx>  pmol'L)  decreased  pro¬ 
teolysis  of  native  240  kDa  a-spectrh  and  the  brmation  of  the 
ISO'ISS  kDa  doiidet  Z-D-DCB  (100  pmol'L)  had  a  smal  effect 
on  the  accumulation  of  tfe- 145  kDa  and  120  kDa  BDPs.  DEVD- 
Imk  1100  tfndr'L)  substantially  redisced  the  formation  of  the  145 
kDa  Bop.  but  had  only  a  modest  effect  on  tf«  formation  of  the 
,  l20kDaBljP. 

release. 

As  shown  in  Figure  6 A  of  the  original  manuscript,  LDH  showed  significant  decreases  in  release  following 
treatment  with  a  calpain  inhibitor.  The  specific  caspase-3  inhibitor  also  inhibited  LDH  release,  although 
decreases  were  not  statistically  significant  compared  with  vehicle  treated  cultures.  The  pan  caspase 
inhibitor  had  no  effect  on  LDH  release.  Consistent  with  LDH  data  Western  blot  analyses  of  these  samples 
(Fig  6B)  showed  that  calpain  inhibition  almost  completely  blocked  the  formation  of  calpain-specific 
breakdown  products.  The  pan  caspase  inhibitor  also  inhibited  formation  of  the  calpain-specific  breakdown 
product  to  small  extent  but  had  only  a  minor  effect  on  the  caspase-3  BDP.  Surprisingly,  the  caspase-3 
inhibitor  dramatically  reduced  evidence  of  calpain  activation  but  had  only  a  modest  effect  on  caspase 
activation.  Future  experiments  need  to  examine  the  specificity  of  these  drugs  in  more  detail.  OGD 
deprivation  resulted  in  expression  of  apoptotic  and  necrotic  cell  death  phenotypes,  especially  in  neurons. 
Immunocytochemical  studies  of  calpain  and  caspase-3  activation  in  apoptotic  cells  indicated  that  these 
proteases  are  almost  always  concurrently  activated  during  apoptosis  (See  Figure  5  in  Newcomb- 
Fernandez,  et  al,,  2001),  As  shown  in  Figure  5  from  the  manuscript,  cultures  deprived  of  oxygen  and 
glucose  had  significantly  increased  cellular  co-localization  of  SBDP  150  (calpain  activation)  and  SBDP 
120  (caspase-3  activation),  compared  with  control  cultures.  Although  OGD  cultures  contain  substantially 
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more  immunoreactive  cells  than  control  cultures,  immunocytochemistry  showed  a  similar  distribution  of 
protease  activation,  regardless  of  treatment  of  condition  (Fig  5A  &  5C).  Virtually  all  immunoreactive 
cells  in  control  and  OGD  cultures  showed  concurrent  calpain  and  caspase  proteolysis  of  varying 
magnitudes  (Fig  5A  &  5C).  This  profde  strongly  suggests  that  co-activation  of  these  proteases  is  a  reliable 
feature  of  cell  death  expression  and  is  especially  prominent  in  apoptotic  phenotypes.  Importantly,  these 
studies  systematically  examined  and  compared  the  effects  of  OGD  to  the  effects  of  neurotoxins, 
maitotoxin  and  staurosporine  (see  Fig  5). 

In  summary,  these  data  provided  a  novel  and  compelling  demonstration  that  is  inconsistent  with 
the  more  widely  held  scientific  understanding  that  caspase-3  is  the  principle,  if  not  exclusive,  mediator  of 
the  apoptotic  cell  death  phenotype.  These  data  demonstrated  that  co-activation  of  calpain  and  caspase-3  is 
a  reliable  characteristic  of  apoptotic  cell  death  following  ischemic  injury  in  vitro.  These  observations 
strongly  suggest  that  calpain  activation,  in  combination  with  caspase-3  activation,  could  contribute  to  the 
expression  of  apoptotic  cell  death  by  assisting  in  the  proteolytic  degradation  of  important  cellular 
proteins.  In  addition,  interactions  between  these  two  cysteine  proteases  could  be  important  determinants 
of  cell  death,  including  injury  produced  by  neurotoxins. 


SOW  2 

Hypothesis:  Tumor  necrosis  factor  alpha  (TNF-a)  is  a  receptor  coupled  cell  death  mediator  that 
primarily  involves  apoptotic  rather  than  necrotic  cell  death  pathways.  Thus,  TNF-a-mediated  cell 
death  is  associated  predominantly  with  caspase-3  rather  than  calpain  activation. 

SOW  3  of  the  original  proposal  focused  on  testing  the  hypothesis  that  in  response  to  various  CNS-related 
injuries  or  neurotoxin  exposure,  tumor  necrosis  factor  (TNF-a)  triggers  proteolytic  activation  of  caspase- 
8/10  that  results  in  caspase-3  activation  of  apoptotic  cell  death.  Caspase-8/10  proteolytic  activation 
requires  receptor  mediated  coupling  of  TNF-a,  and  the  magnitude  and  duration  of  this  cascade  may  vary 
depending  on  the  initiating  signal  and  neuronal  cell  type.  Early  in  this  funding  period.  Dr.  Pike 
collaborated  in  studies  showing  that  caspase-8  expression  occurred  in  conjunction  with  caspase-3 
activation  and  apoptosis  in  an  in  vivo  model  of  TBI  (Beer,  et  al.,  2001).  This  research  also  examined 
caspase-8  expression  in  different  cell  types.  These  data  also  provided  an  important  confirmation  of  SOW 
4  of  the  original  proposal  which  proposed  to  examine  the  effects  of  TBI  in  vivo  on  caspase-3  activation 
mediated  by  two  apoptotic  cell  death  pathways  including  the  TNF-a/caspase-8  pathway.  In  addition, 

SOW  3  of  the  original  proposal  sought  to  examine  the  effects  of  exogenous  TNF-a  on  primary  cell 
cultures  for  evidence  of  activation  of  caspase-8/10,  activation  of  caspase-3  and  their  contribution  to 
apoptotic  cell  death  (SOW  3A,  p  4).  The  data  reviewed  below  directly  addressed  the  role  of  the  effects  of 
exogenous  TNF-a  on  caspase-3  activation. 

SOW  2-Plan 

To  examine  the  ejfects  of  exogenous  TNF-a  on  primary  cultures  for  evidence  of  activation  of  calpain  and 
caspase-3  and  their  contribution  to  apoptotic  cell  death. 

Tumor  necrosis  factor-a  (TNF-a)  is  a  pleotrophic  cytokine  with  both  secreted  and  transmembrane  forms 
which  is  known  to  mediate  immune  and  inflammatory  responses.  A  substantial  body  of  evidence  indicates 
that  TNF-a  has  a  pro-inflammatory  role  that  is  acutely  upregulated  in  ischemic  and  traumatic  brain  injury. 
In  order  to  examine  the  role  of  TNF-a  on  cell  viability,  this  SOW  investigated  the  effects  of  TNF-a 
stimulation  on  calpain  and  caspase-3  protease  activation  and  on  necrotic  and  apoptotic  cell  death 
phenotypes  in  primary  septo-hippocampal  cultures.  This  research  provided  the  first  systematic 
examination  of  the  effects  of  TNF-a  on  activation  of  these  two  important  proteases. 
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In  this  study  (Zhao  et  al.,  JNR,  2001)  primary  septo-hippocampal  cell  cultures  were  incubated  in 
varying  concentrations  of  TNF-a  to  examine  proteolysis  of  a-spectrin  to  a  signature  145  kDa  fragment  by 
calpain  and  to  the  apoptotic-linked  120  kDa  fragment  by  caspase-3.  The  effect  of  TNF-a  incubation  on 
morphology  and  cell  viability  were  assayed  by  fluoroscene  diacitate-propidium  iodide  (FDA-PI)  staining, 
assays  of  lactate  dehydrogenase  (LDH)  release,  nuclear  chromatin  alterations  (Hoechst  33258),  and 
internucleosomal  DNA  fragmentation.  Incubation  with  varying  concentrations  of  TNF-a  produced  rapid 
increases  in  LDH  release  and  nuclear  PI  uptake  that  were  sustained  over  48  hrs.  As  shown  in  Figure  5 
from  the  original  manuscript,  incubation  with  30ng/ml  TNF-a,  a  does  that  yielded  maximal,  3-fold, 
increase  in  LDH  release,  was  associated  with  caspase-3  120  kDa  fragments,  but  not  calpain-specific  145 
kDa  fragments  as  early  as  3.5  hrs  after  injury.  [See  Fig  5  in  Zhao  et  al.,  JNR,  2001,  included  with 
report].  Exposure  to  30ng/ml  of  TNF-a  caused  a  time  dependent  proteolysis  of  a-spectrin  by  caspase-3 
but  not  calpain.  There  was  a  significant  increase  in  caspase  activation  as  early  as  3.5  hrs  following  TNF-a 
administration  that  was  sustained  over  72  hrs.  In  contrast,  there  was  no  evidence  of  accumulation  of 
calpain  activation  at  any  time  point  after  TNF-a  treatment.  As  shown  in  Figure  6  from  the  original 
manuscript,  incubation  with  the  pan-caspase  inhibitor,  Z-D-DCB  significantly  reduced  LDH  release 
produced  by  TNF-a  as  well  as  evidence  of  caspase-3  activation.  [See  Fig  6  in  Zhao  et  al.,  JNR,  2001, 
included  with  report].  An  LDH  assay  was  used  to  assess  cell  viability  following  TNF-a  and/or 
administration  of  a  calpain  inhibitor,  a  caspase-3  inhibitor  or  cycloheximide  (Fig  6B).  Administration  of 
the  caspase-3  inhibitor  (Z-D-DCB)  significantly  reduced  LDH  release.  Calpain  inhibition  had  no 
protection  against  LDH  release.  Cycloheximide  had  the  greatest  effect  against  LDH  release,  consistent 
with  an  apoptotic  profile  following  TNF-a  treatment.  Administration  of  a  caspase-3  inhibitor  or 
cycloheximide  significantly  decreased  the  accumulation  of  the  120  kDa  caspase  specific  breakdown 
product  of  a-spectrin  (Fig  6A).  In  contrast,  calpain  inhibition  did  not  provide  any  protection  against 
proteolysis  of  a-spectrin.  These  data  confirm  that  caspase-3  but  not  calpain  was  activated  after  TNF-a 
stimulation  in  this  primary  culture  system.  As  shown  in  Figure  4  of  the  original  manuscript,  apoptotic- 
associated  oligonucleosomal-size  DNA  fragmentation  on  agorose  gels  was  detected  from  6-72  hrs  after 
exposure  to  TNF-a.  [See  Fig  4  in  Zhao  et  al.,  JNR,  2001,  included  with  report].  TNF-a  induced 
detectible  DNA  laddering  on  agerose  gels  that  was  most  apparent  24  hrs  following  treatment.  However, 
gels  showed  substantial  smearing  even  at  24  hrs,  indicating  random  DNA  fragmentation  characteristic  of 
some  necrosis.  Histochemical  changes  included  chromatin  condensation,  nuclear  fragmentation  and 
formation  of  apoptotic  bodies. 

In  summary,  although  previous  research  had  studied  TNF-a  activation  of  caspases  in  non-neuronal 
cells  (e.g.  neutrophils),  this  research  provided  the  first  demonstration  that  TNF-a  induces  activation  of 
caspase-3  in  neuronal  cell  systems.  Importantly,  these  results  indicate  that  TNF-a  may  play  an  important 
role  as  an  effector  of  receptor  mediated  apoptotic  cell  death  in  the  CNS  and  may  have  relevance  to  both 
acute  CNS  injury  as  well  as  neurodegeneration. 

SOW  3 

Hypothesis:  Rat  hippocampal  slices  can  provide  a  useful  ex  vivo  model  for  studying  calcium 
mediated  neurotoxicity  potentially  linked  to  excitotoxic  and  proteolytic  mechanisms  of  cell  death. 

Our  laboratory  has  recognized,  as  reflected  in  Dr.  Pike’s  original  proposal  that  the  exclusive  use  of  culture 
systems  in  in  vitro  models  is  limiting.  Thus,  we  felt  it  important  to  develop  intermediate  ex  vivo  models  to 
bridge  data  collected  from  in  vitro  and  in  vivo  models.  We  focused  on  the  effect  of  calcium-related 
changes  since  calcium  dysregulation  is  a  major  component  of  CNS  injury  and  is  an  important  mediator  of 
calpain  activation.  Since  diffusion-weighted  magnetic  resonance  imaging  (MRI)  is  often  an  important 
component  of  diagnosing  CNS  injury  and  has  been  used  as  a  surrogate  marker  of  acute  brain  pathology. 
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we  sought  to  clarify  the  utility  of  this  approach  as  well  as  to  characterize  the  use  of  rat  hippocampal  slices 
to  study  acute  CNS  injury. 

SOW  3-Plan 

To  conduct  diffusion  magnetic  resonance  imaging  studies  of  the  effects  of  a  calcium  ionophore  (A23187) 
on  rat  hippocampal  slices  and  relate  to  histopathological  evidence  of  cell  death. 


This  SOW  sought  to  characterize  MRI-detected  changes  in  water  diffusion  during  the  acute  phase  of 
injury  using  a  17.6-T  wide-bore  magnet  to  measure  multi-component  water  diffusion  at  high  h-values  (7- 
8,  080  s/mm2)  for  rat  hippocampal  slices  at  baseline  and  serially  for  8  hrs  after  treatment  with  the  calcium 
ionophore  A23187  (Shepherd  et  aL,  JCBFM,  2003).  Hippocampal  slices  were  removed  and  placed  into 
ice-cold  artificial  cerebrospinal  fluid  and  continuously  perfused  in  a  perfusion  chamber  that  was  lowered 
into  the  magnet.  High-resolution  diffusion-weighted  images  were  obtained  of  rat  hippocampal  slices  to 
determine  achievable  signal-to-noise  ratio  and  spatial  resolution  per  time  unit. 


RG.  1.  A  diff usic«i-weighted  reecnance  inage  with  S9- 

gm  in-plane  reeolulion  (A)  reveala  the  detailed  lamellar  anatomy 
of  a  SOO-pm-lhick  rat  hippocampal  slice  cut  perpendicular  to  the 
septotemporal  axis  (MR  I  scan  parameters:  repetition  time''echo 
tine  =  2,000'34  milliseccnds,  b  =  3,630  srmm®,  matrix  =  266  x 
256,  field  of  view  =  15  x  15  mm,  slice  thickness  =  300  pm, 
averages  =  32,  time  =  4.5  hours).  As  illustrated  in  panel  B.  many 
anatrxnical  regions  of  the  hippocampus  and  denrtate  gyrus  can  be 
distinguished  in  this  sample  based  on  differenoes  in  diffusion- 
weired  sigrtal  itrtensity  (s,  stratun). 

As  shown  in  Fig  1  of  the  original  manuscript,  these  images  exhibited  the  detailed  laminar  anatomy  of  the 
hippocampus,  but  required  long  acquisition  times  (4.5  hrs  per  b-value  measurement).  For  this  study,  high 
spatial  resolution  was  sacrificed  for  better  temporal  resolution  of  the  water-diffusion  changes  that 
accompany  slice  perturbation  with  A23187  (4.2  min  per  h-value  measurement). 
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FIG.  2.  Typical  diffusion-wc'ighted  images  (b  =  7,977  ^mm*)  of 
rat  hippocampal  slices.  Panels  A  and  B  show  a  control  rat  hip¬ 
pocampal  slice  before  and  after  8  hours  of  treatment  with  0.1% 
DMSO  vehicle,  respectively.  Panels  C  and  D  show  a  different 
slice  before  and  9  hours  after  treatment  with  lO-pmoU  A23187, 
respectively  (the  latex  spacer  of  the  perfusion  chamber  is  visible 
in  these  two  images).  At  this  b- value,  signal  intensity  in  the 
A23 187 -treated  slice  increased  42%  whereas  the  vehicle-treated 
slice  signal  intensity  increased  6%  over  8  hours. 


Figure  2  from  the  original  manuscript  shows  lower  resolution  images  illustrating  signal  intensity  changes 
that  occur  after  treatment  with  A23187.  The  mean  fast  diffusion  water  fraction  (Ffast)  progressively 
decreased  for  slices  treated  with  varying  doses  of  A23187.  Slices  treated  with  a  higher  dose  had 
significantly  reduced  Ffast  80  min  earlier  than  slices  treated  with  the  lower  dose,  but  otherwise,  the  two 
doses  had  equivalent  effects  on  the  diffusion  properties  of  tissue  water.  As  shown  in  Figure  5  from  the 
original  manuscript,  correlative  histologic  analyses  showed  a  dose-related  selective  vulnerability  of 
hippocampal  pyramidal  neurons  (CAl  >  CA3)  to  pathological  swelling  induced  by  A23187,  confirming 
that  particular  introvoxal  cell  populations  may  contribute  disproportionately  to  water  diffusion  changes 
observed  by  MRI  after  acute  brain  injury. 
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FIG.  5.  Correlative  histology  of  rat  hippo¬ 
campal  slices  8  hours  after  treatment  with 
DMSO  vehicle  (A-D),  10-pmol/L  A23187 
(E-  H).  and  SO-pmol/L  A23187  (l-L)  A231 87 
had  dose-relat^  effects  on  the  CAl  sub¬ 
field.  CA3  subfield,  stratum  radiatum,  and  in¬ 
ternal  Wade  of  the  dentate  gyrus.  Arrows  il¬ 
lustrate  cells  njptured  from  pathologic 
swelling  and  arrowheads  denote  artifact 
from  paraffin  wax  embedding.  Sections  (8- 
pm  thick)  were  stained  with  hematoxylin  and 
eosin  and  are  shown  at  630x  magnification 
with  oil  immersion. 
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his  study  confirmed  that  brain  slices  provide  a  stable  and  highly  controllable  nervous  tissue  model.  This 
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research  successfully  used  diffusion-weighted  MRI  of  rat  hippocampal  slices  to  study  the  acute  temporal 
evolution  of  multi  component  water-diffusion  changes  after  treatment  with  the  calcium  ionophore 
A23187.  Data  obtained  from  this  ex-vivo  model  of  acute  brain  injury  suggest  that  the  biexpenential 
diffusion  parameter  Ffast  may  be  a  sensitive  correlate  of  cellular  swelling  in  nervous  tissue  in  that  diffusion 
changes  after  acute  brain  injury  may  be  introvoxal  volume-average  summation  of  responses  from 
anatomically  or  temporally  distinct  healthy  and  pathologically  injured  cell  populations.  This  platform 
could  be  an  important  intermediate  ex  vivo  model  to  link  in  vitro  and  in  vivo  studies  of  calpain  and 
caspase  mechanisms  of  necrotic  and  apoptotic  cell  death.  These  studies  could  also  lead  to  refinement  of 
non- invasive  surrogate  markers  of  brain  injury. 

SOW  4 

Hypothesis:  Cell-specific  upregulation  of  a  developmentally  significant  protein,  survivin,  occurs 
after  TBI  and  attenuate  caspase-3  mediated  apoptosis. 

This  research  was  initiated  following  the  unexpected  and  novel  observation  that  survivin,  a  unique 
member  of  the  inhibitor  of  apoptosis  protein  (lAP)  family  is  upregulated  after  TBI.  Survivin  is  also  an 
evolutionarily  conserved  chromosomal  passenger  protein  that  is  required  for  proper  completion  of 
mitosis.  Survivin  is  present  during  normal  tissue  development  but  is  absent  in  most  adult  tissues  including 
the  brain.  Many  cancer  cell  lines  and  cancer  tumors  which  proliferate  at  high  rates  exhibit  survivin 
overexpression.  In  addition,  blocking  survivin  expression  in  these  cell  lines  leads  to  cell  death. 
Importantly,  prior  to  our  research,  no  investigations  had  studied  changes  in  survivin  following  acute  CNS 
injury.  However,  we  noted  that  this  protein  could  serve  important  anti-apoptotic  and  cell  proliferation 
properties  that  could  have  important  implications  for  both  acute  CNS  injury  and  neurodegeneration.  Thus, 
we  felt  it  was  extremely  important  to  pursue  this  novel  finding  and  explore  the  potential  role  of  survivin 
in  caspase-3  mediated  apoptosis. 

SOW  4-Plan 

To  examine  the  protein  expression  and  cellular  localization  of  survivin  and  proliferating  cell  nuclear 
antigen  (PCNA)  after  controlled  cortical  impact  injury  in  rats  and  characterize  the  relationship  between 
co-expression  of  survivin  and  activated  caspase-3  and  DNA  fragmentation  in  astrocytes  and  neurons. 

In  our  first  study  (Johnson  et  aL,  J  Neurotrauma,  2004),  we  examined  the  expression  and  cellular 
localization  of  survivin  and  proliferating  cell  nuclear  antigen  (PCNA)  after  controlled  cortical  impact  TBI 
in  rats.  PCNA  is  a  cell  cycle  protein  which  we  studied  in  order  to  look  at  potential  relationships  with 
mitosis.  There  was  a  remarkable  and  sustained  induction  of  survivin  mRNA  and  protein  in  the  ipsilateral 
cortex  in  hippocampus  of  rats  after  TBI,  peaking  at  5  days  post  injury.  In  contrast,  both  survivin  mRNA 
and  protein  were  virtually  undetectable  in  craniotomy  control  animals.  Figure  2  from  the  original 
manuscript  shows  a  representative  Western  blot  of  survivin  in  various  brain  regions  from  injured  and 
control  rats. 
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FIG.  2.  Ex^ckooc  of  sunn's  proewn  TBI  ai  nts.  Bno  otcaa  bcoxficata  proceou  (40  '>«•  tapanted  usma  SCG* 

PAGE.  aiiiiiuiioblott»d  widi  nir.v.s  asDbodr.  tod  %*inuItMd  (A)  Kjprasactaii*^  Waatec  blot  of  ntn'sis  (17>kDa  procain)  m. 
ipulataea]  coettc  (k)  sd  hippoctaapct  (^).  coimltaartl  conw  (oc)  asd  bxppocaaapus  (di)  obcatnod  bom  STJsed  rats,  and  firoe: 
crastiooeGm*  contral  tats  unberj;  cortical  (C.  Cool).  Dantaecaatn’  taah'dt  capcacasRtDs  of  ssr.i7U*pecaip.*»  bands  s  ^ 
stjracaJ  (ic)  a=d  coenktaral  (cc)  corMK  (8)  ipciixtaczl  (ih)  and  contralaMcil  (c^  ctppocasipu  (C)  ate  T5I  is  sbovn  as 
par  cent  of  cmnoNam*  ccocnl  I'ahMS.  Each  dao  pom:  npcown  ±e  smc  _  SEM  of  four  so  ss  mdapoodact  axpacimscts  *p  < 
0  05.  **/>  <  0.001  \'aenu  oanioloo^  cooera  (eoa^'an^*  ANOVA  oast  ui±  ptM  hoc  Bocfacroct  ioihr*sis). 


Western  blot  analyses  provided  unequivocal  evidence  of  increased  levels  of  survivin  protein  after  injury 
in  the  ipsilateral  cortex  and  hippocampus.  Densitometric  analyses  (Fig  2B)  confirmed  statistically  4-8  fold 
increases  in  survivin  protein  especially  in  the  and  5*^  day  after  injury.  Concurrently,  expression  of 
PCNA  was  also  significantly  enhanced  in  the  ipsilateral  cortex  and  hippocampus  of  these  rats  with  similar 
temporal  and  spatial  patterns.  Immunohistochemistry  revealed  that  survivin  and  PCNA  were  co-expressed 
in  the  same  cells  and  had  a  focal  distribution  within  the  inured  brain. 
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FIC.  4.  Immunohistochemistiy  of  sun'iinn  and  PCNA  Double  tluorecoent  inmnmo^^uinme  for  :ui\ivm  (red)  and  PCNA  (green) 
wa^  perfonned  m  die  ip^ilateral  cortex  (A)  and  hrppocampair  (B)  at  5  day  post-injuiy.  Surcirin  it  expretted  m  the  cxtoplarm  (C, 
red),  while  PCNA  i;  expreired  in  the  nucleus  (D,  green).  The  white  arrow  indicates  the  npical  focal  co-expression  of  sumfin 
and  P(rNA  as  shown  in  mer  ged  sunrvin  and  PCNA  images  (E)  PCNA  expression  was  co-incident  with  DAPl  staining  (F,  blue, 
white  arrow)  Original  magnidcation.  x200:  bar  =  50  /mr  (A.B);  original  magnification  X400.  bar  =  20  fim.  (C— F). 


Figure  4  from  the  original  manuscript  shows  the  immunohistochemistry  of  survivin  in  PCNA  in  the  cortex 
and  hippocampus  at  5  days  post  injury.  Survivin  was  primarily  expressed  in  the  cytoplasm  while  PCNA 
was  expressed  in  the  nucleus.  Further  analyses  revealed  a  frequent  co-localization  of  survivin  in  GFAP, 
an  astrocytic  marker,  in  both  the  ipsilateral  cortex  and  hippocampus,  while  a  much  smaller  subset  of  cells 
showed  co-localization  of  survivin  and  NeuN,  a  mature  neuronal  marker.  Neuronal  localization  of 
survivin  was  observed  predominantly  in  the  ipsilateral  cortex  in  contralateral  hippocampus  after  TBI. 
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ContraUtCfal  Ipsilateral 
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LzaDoa  of  Kxn’r.'in  (gcoas)  and  KanK  (rad^  via  &oki  only  u  TBI  cats  as  opposad  to  aithar  bamispbAra  of  craniotomy  consol 
(QJl)  Onxioal  magsiScaticn,  X409.  bar  =  20  fua  (A->P);  origmal  aagoi6;aooo,  X3C,  bar  =  lOC.OOO  ^Jsa  'Q.K). 


As  shown  in  Figure  7  from  the  original  manuscript,  a  subset  of  NeuN-positive  neurons  expressed  survivin 
in  PCNA  after  TBI.  These  cells  were  usually  located  in  the  ipsilateral  cortex  and  CAl  in  the  pyramidal 
layer  of  some  hippocampal  neurons.  Survivin  was  expressed  in  a  cytoplasm  and,  to  a  limited  extent,  in  the 
processes  of  new  NeuN  positive  neurons.  PCNA  was  usually  expressed  in  the  nucleus  of  NeuN-positive 
neurons.  Other  analyses  showed  PCNA  protein  expression  was  detected  in  both  astrocytes  and  neurons  of 
the  ipsilateral  cortex  and  hippocampus  after  TBI. 

In  summary,  our  data  demonstrated  for  the  first  time  the  induction  of  survivin  in  the  rat  brain 
following  TBI.  Expression  of  survivin  occurred  predominantly  in  astrocytes  but  also  in  a  smaller  subset  of 
neurons  and  was  accompanied  by  the  expression  of  PCNA.  The  appearance  of  survivin  and  PCNA 
separately  in  neurons  and  astrocytes  along  with  co-localization  of  survivin  with  PCNA  in  the  same  cells 
provide  correlative  data  to  suggest  an  activation  of  a  cell  cycle-like  program  in  astrocytes  and  a  smaller 
subset  of  neurons  after  TBI.  In  addition,  these  studies  lay  the  foundation  for  the  next  series  of  studies 
more  directly  examining  the  potential  anti-apoptotic  role  of  survivin. 

Since  the  previous  paper  provided  the  first  evidence  of  survivin  upregulation  following  TBI,  we 
conducted  subsequent  research  to  look  at  the  effect  of  survivin  upregulation  on  phenotypic  expression  of 
apoptotic  cell  death  associated  with  caspase-3  activation  (Johnson  et  al,,  Exp,  Br,  Res,,  2005).  Although 
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survivin  does  not  prevent  the  aetivation  of  easpases  from  their  inactive  proforms,  evidence  has  shown  that 
survivin  can  bind  and  inhibit  the  activity  of  caspase-3.  Thus,  we  sought  to  examine  the  relationships 
between  survivin  and  apoptosis,  specifically  the  accumulation  of  active-caspase-3  and  downstream  DNA 
fragmentation  (TUNEL).  As  shown  in  Fig  1  of  the  original  manuscript.  Western  blot  analyses  revealed 
significant  increases  in  active  caspase-3  in  a  time  dependent  manner  between  5  and  14  days  after  injury 
[see  FIG  1  in  Johnson  paper,  included  in  this  report].  Active  caspase-3  was  readily  detectible  in  the 
ipsilateral  cortex  and  hippocampus  of  rats  subjected  to  TBI  (Fig  lA).  In  the  ipsilateral  cortex,  significant 
increases  in  caspase-3  levels  were  most  prominent  at  5  &  7  days  after  injury,  but  were  still  significantly 
increased  14  days  after  injury.  Increased  caspase-3  activation  was  significant  in  the  ipsilateral 
hippocampus  at  14  days  post  injury  (Fig  IB).  No  difference  was  observed  between  the  percentage  of 
survivin-positive  and  survivin-negative  cells  labeled  with  active  caspase-3  at  5  or  7  days  post-injury,  as 
indicated  by  dual  fluorescent  immunostaining.  However,  as  shown  in  Fig  3  of  the  original  manuscript, 
survivin-negative  cells  exhibited  significantly  greater  labeling  with  TUNEF  compared  with  survivin- 
positive  cells,  suggesting  that  suppression  of  survivin  may  attenuate  DNA  cleavage  and  progression  of 
apoptosis,  [see  FIG  3  in  Johnson  paper,  included  in  this  report]  Thus,  quantitative  analysis  of 
immunohistochemical  data  shown  in  Figure  3  revealed  no  significant  difference  in  the  accumulation  of 
active  caspase-3  in  survivin-positive  cells  compared  with  survivin-negative  cells  at  5  days  post-injury  in 
either  the  cortex  or  hippocampus.  However,  a  significantly  higher  percentage  of  TUNEF  labeling  was 
observed  in  survivin-negative  cells,  as  compared  with  survivin-positive  cells  in  both  regions.  A  higher 
percentage  of  astrocytes  accumulated  active  caspase-3  compared  with  neurons  in  contrast,  neurons 
showed  a  higher  co-localization  with  TUNEF  than  did  with  astrocytes.  These  data  suggest  that  survivin 
expression  may  attenuate  DNA  cleavage  and  cell  death  and  that  this  mechanism  operates  in  a  cell  type- 
specific  manner  after  TBI.  Figure  7  of  the  original  manuscript  shows  a  putative  mechanism  for  apoptosis 
inhibition  by  survivin.  Following  upstream  caspase  activation  in  cleavage  of  pro-caspase-3  to  active 
caspase-3,  survivin  acts  to  attenuate  the  apoptotic  cascade  in  DNA  cleavage  by  inhibiting  caspase-3 
activity.  [See  FIG  7  in  Johnson  paper,  included  in  this  report]. 

In  conclusion,  our  data  provide  the  previously  unreported  demonstration  that  caspase-3  is 
activated  in  the  rat  brain  after  TBI  in  the  same  course  region  and  cell  type  expression  pattern  as  survivin 
(see  summary  of  preceding  manuscript).  These  data  suggest  that  DNA  cleavage  may  be  attenuated  by  the 
expression  of  survivin  protein  following  TBI  in  a  cell  specific  fashion.  Namely,  astrocytes  have 
significantly  lower  TUNEF  and  more  frequent  survivin  labeling  than  neurons,  suggesting  a  more  robust 
anti-apoptotic  role  for  survivin  in  astrocytes.  Taken  together,  these  results  suggest  that  survivin  may  be 
part  of  counter-acting  mechanisms  to  diminish  expression  of  the  apoptotic  cell  death  phenotype  following 
TBI  in  rats. 

SOW  5 

Hypothesis:  Activation  of  calpain  and/or  caspase-3  is  associated  with  generation  of  specific  proteins 
or  peptide  fragments  detectihle  in  cerebrospinal  fluid  (CSF)  that  are  hiochemical  markers  of 
necrosis  and/or  apoptosis.  In  addition,  proteomics-hased  platforms  can  provide  powerful 
technologies  to  detect  hiomarkers  ultimately  providing  capabilities  for  non-invasive  assessments  of 
pathological  mechanisms  of  CNS  injury  and  neurodegeneration  in  CSF  and/or  blood  samples. 

This  grant  originally  proposed  that  biochemical  markers  could  more  reliably  characterize  necrosis  and 
apoptosis  than  standard  phenotypic  approaches  (SOW  1,  p4).  This  insight,  originally  proposed  by  Dr. 

Pike,  provided  a  theoretical  framework  for  biomarker  studies  that  led  to  exciting  novel  applications 
unanticipated  in  the  original  proposal.  While  SOW  1  had  firmly  established  that  biomarkers  could  provide 
accurate  information  on  necrosis  and  apoptosis,  additional  in  vitro  data  suggested  the  unprecedented 
hypothesis  that  biochemical  events  occurring  within  cells  may  ultimately  be  accessible  non-invasively. 
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These  in  vitro  studies  examined  the  effects  of  a  neurotoxin  (NMD A)  on  the  breakdown  products  (BDPs) 
of  a-spectrin  produced  by  calpain  and  caspase-3  activation,  the  same  biochemical  markers  of  necrosis  and 
apoptosis  employed  in  SOW  1 . 


FIGURE  A 


SBDPs  in  lysate  from  rat 
cerebrocortical  culture  lysate  treated 
by  various  [NMDA] 


SBDPs  in  medium  of  rat  cerebrocortical 
culture  treated  by  NMDA  (dose) 
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As  shown  in  Figure  A,  cell  lysates  from  rat  cerebrocortical  cultures  treated  by  varying  concentrations  of 
NMDA  showed  characteristic  profiles  of  calpain  (SBDP  150,  SBDP  145)  and  caspase-3  (SBDP  120) 
activation.  Importantly,  these  SBDPs  were  also  detected  in  the  medium  of  rat  cerebrocortical  cultures 
treated  by  the  same  dose  of  NMDA.  Time  course  analyses  indicated  that  these  BDPs  were  rapidly 
released  from  cells  into  the  culture  medium.  This  observation  suggested  the  exciting  possibility  that 
injured  cells  in  the  intact  brain  could  ultimately  release  biochemical  markers  of  injury  into  the 
extracellular  space  and  ultimately  into  the  CSF.  These  observations  provided  the  impetus  for  the  research 
reviewed  in  SOW  4.  This  research  includes  the  first  systematic  studies  to  provide  initial  assessments  of 
the  relevance  of  biochemical  markers  of  necrosis  and  apoptosis  to  pathology  expressed  following  acute 
CNS  injury  produced  by  trauma  or  ischemia.  In  addition,  we  initiated  the  first  systematic  studies, 
including  proteomics-based  approaches,  to  identify  new  biochemical  markers  of  cell  injury  and  death, 
including  novel  markers  of  necrosis  and  apoptosis. 


SOW  5A-Plan 

To  examine  the  accumulation  of  biochemical  markers  of  calpain  and  caspase-3  activation  in  CSF  of  rats 
following  cerebral  ischemia  produced  by  middle  cerebral  artery  occlusion  (MCAO). 


Prior  to  his  departure,  and  during  the  funding  period  of  the  original  proposal.  Dr.  Pike  had  recognized  the 
important  implications  of  the  potential  of  developing  capabilities  of  assessing  non-invasively  biochemical 
markers  of  CNS  injury,  including  markers  of  necrosis  and  apoptosis.  Thus,  we  initiated  a  study  of  the 
accumulation  of  a-spectrin  and  its  associated  BDPs  in  CSF  after  TBI  in  rats  (Pike  et  aL,  J  Neurochem,, 
2001).  This  paper  represented  the  first  study  of  the  accumulation  of  cellular  BDPs  of  a-spectrin  in  CSF 
after  TBI.  This  study  demonstrated  robust  increases  in  calpain  mediated  BDPs  in  CSF  following  injury. 
Caspase-3  specific  BDPs  were  observed  to  increase  in  CSF  in  some  animals  but  generally  to  a  lesser 
degree.  These  results  indicated  that  all-spectrin  and  its  BDPs  could  be  a  powerful  discriminator  of 
outcome  in  protease  activation  after  TBI. 

Thus,  we  sought  to  expand  these  observations  to  the  study  of  ischemia  produced  by  MCAO  in  rats 
(Pike  et  aL,  JCBFM,  2003).  This  investigation  examined  accumulation  of  calpain-  and  caspase-3-cleaved 
a-spectrin  BDPs  in  CSF  of  rodents  subjected  to  2  hrs  of  transient  MCAO  followed  by  reperfusion.  As 
shown  in  Figure  2  of  the  original  manuscript,  following  MCAO  injury,  full  length  a-spectrin  protein  was 
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decreased  in  brain  tissue  and  increased  in  CSF  from  24  hrs  to  72  hrs  after  injury.  Calpain-  and  caspase-3- 
specific  BDPs  were  also  increased  in  brain  CSF  after  injury.  Levels  of  calpain-specific  BDPs  were  greater 
at  each  post-injury  time  point  than  levels  of  caspase-3  specific  BDPs.  Levels  of  these  proteins  were 
undetectable  in  CSF  of  uninjured  control  rats  . 
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We  also  examined  the  relationship  between  expression  of  BDPs  in  brain  tissue  and  CSF.  Densitometric 
analyses  were  conducted  on  Western  blots  and  least  squares  regression  lines  of  levels  of  brain  and  CSF 
spectrin  and  its  BDPs  were  plotted  on  the  same  graph. 
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Figure  4.  Mean  (±  s.d.)  cortical  vs.  CSF  levels  of  all-spectrin  (280  kDa)  and  (xll-SBDPs 
(150,  146.  and  120  kDa)  over  days  post-injury.  Least  squares  regression  lines  of  brain  and 
CSF  spectrin  and  SBDP  levels  were  plotted  on  the  same  graph.  Pearson  correation 
coefficients  for  each  regression  ine  are  indicated.  Results  indicate  that  parenchymal  decreases 
in  levels  of  native  all-spectrin  (280  kDa)  are  associated  with  increases  In  CSF  accumuation 
while  increased  parenchymal  levels  of  calpaln-mediated  all-SBDPs  (150  &  145  kDa)  are 
associated  with  increased  CSF  accumulation  On  average,  there  were  no  changes  in 
parenchymal  or  CSF  levels  of  the  casf>ase-3-medlated  120  kDa  all-SBDP  across  days. 
However,  individual  rats  at  different  time  points  (particularly  48  hours  post-in,ury)  shov/ed  some 
increase  n  CSF  levels  of  the  120  kDa  product. 
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As  shown  in  Fig  4  from  the  original  manuscript,  parenchymal  decreases  in  levels  of  intact  a-spectrin  are 
associated  with  increases  in  CSF  accumulation  while  increased  parenchymal  levels  of  calpain-mediated 
BDPs  (150  and  145  kDa)  are  associated  with  increased  levels  of  these  markers  of  calpain  activation.  On 
average,  there  were  no  changes  in  pyrinchamal  or  CSF  levels  of  caspase-3 -mediated  BDPs  across  days. 
However,  individual  rats  at  different  time  points  (especially  at  later  time  points)  showed  some  increases  in 
CSF  levels  of  the  120  kDa  product  related  to  caspase-3  activation. 
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In  combination  with  our  previously  published  data  on  TBI,  this  study  provided  a  powerful  proof  of 
principle  of  the  general  utility  of  assessment  of  biochemical  markers  of  necrosis  and  apoptosis  in  CSF. 
Since  CSF  is  routinely  aceessible  in  many  medical  emergencies,  including  severe  TBI,  these  data  suggest 
the  potential  of  minimally  invasive  assessments  of  these  important  bioehemical  markers.  In  addition, 
these  data  suggested  the  even  more  exciting  possibility  that  these  markers  eould  ultimately  be  detected  in 
blood.  We  further  explored  the  general  utility  of  biomarkers  of  proteolytic  damage  following  TBI  in  a 
review  paper  (Pineda,  et  al.,  Brain  Path.,  2004).  This  paper  reviewed  the  eurrent  state  of  knowledge 
concerning  caspase  and  calpain  as  specific  markers  of  TBI,  and  discussed  a-speetrin  as  a  potential  marker 
useful  for  sueh  assessments. 

SOW  5B-Plan 

To  examine  the  potential  clinical  utility  of  biochemical  markers  of  calpain  and  caspase-3  activation  in 
CSF  of  rats  following  TBI  produced  by  closed  cortical  impact  (CCI).  Assessments  of  validity  would 
include  studies  of  relationship  between  injury  magnitude,  lesion  size  and  outcome. 

An  optimal  biomarker  of  acute  brain  injury  should  minimally  provide  information  about  the  magnitude  of 
injury,  the  extent  of  tissue  damage  and  predict  outcome.  Thus,  we  examined  the  levels  of  a-speetrin 
breakdown  products  (SBDPs)  in  the  ipsilateral  cortex  and  CSF  of  rats  at  varying  times  after  two  levels  of 
controlled  CCI  (Ringger  et  aL,  J  Neurotrauma,  2004).  Densitometric  analyses  SBDPs  incorporated  a 
combined  examination  of  the  145/150  kDa  doublet  deteeted  on  Western  blots.  SBDPs  were  measured  by 
Western  blot  from  the  CSF  and  ipsilateral  eortex  at  2,  6,  and  24  hrs  after  two  magnitudes  of  TBI.  Western 
blots  were  also  subjeeted  to  densitometric  analyses. 
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FIG.  1.  Injury  magnitude  increases  levels  of  SBDP  in  the  ipsilateraJ  cortex  (1C)  and  CSF,  (A)  A  representative  Western  blot 
of  all-spectrin  and  SBDP  in  the  1C  (left)  and  CSF  (right)  at  24  and  2  h,  respectively,  after  TBI.  Samples  were  collected  after  se- 
wre  (1.6  mm)  injury,  mild  (1.0  mm)  injury,  sham-craniotomy  or  from  naiw  rats.  Higher  levels  of  SBDP  are  seen  after  severe 
(1.6  mm)  injury  than  after  mild  (1.0)  injury.  Minimal  SBDP  is  seen  in  the  IC  or  CSF  of  naive  rats  or  after  sham-craniotomy  in 
rats.  (B)  SBDP  levels  (145-150-kDa  fragments)  in  the  IC  (left  panel)  and  CSF  (right  panel)  after  sham-craniotomy,  mild  (1.0 
mm)  injury  and  severe  (1.6  mm)  injury  at  2.  6,  and  24  h  were  quantified  using  computer-assisted  den.sitometric  analysis  (ImageJ. 
version  1.29X.  NIH.  USA).  Values  from  naive  animals  were  averaged  as  a  separate  time  point.  At  each  time  point  of  2.  6.  and 
24  h.  9  rats  received  severe  ( 1 .6  mm)  injury.  9  rats  received  mild  ( 1 .0  mm)  injury,  8  rats  received  a  sham-cra-niotomy  and  4  rats 
remained  naive.  An  ANOVa  was  performed  followed  by  contrast  with  pair-wise  comparisons.  Data  is  presented  as  the  mean 
plus  standard  error.  Standard  error  hats  on  the  shams  are  present  but  not  easily  visable.  Injury  magnitude  significantly  increased 
mean  levels  of  IC  and  CSF  SBDP  over  time  {p  <  0.0001).  Mean  levels  of  SBDP  aftersevere  (1.6  mm)  injury  were  significantly 
higher  from  the  mean  levels  of  SBDP  after  mild  ( 1 .0  mm)  injury  (f +p  =  0.0001  and  ip  <  0.05.  respectively,  for  CSF  and  IC  lev¬ 
els  of  SBDP).  Mean  levels  of  IC  and  CSF  SBDP  after  both  severe  (1.6  mm)  and  mild  ( 1.0  mm)  injury  were  significantly  greater 
than  mean  levels  of  SBDP  after  sham-craniotomy  or  in  naive  controls  (**p  <  0.0001).  Mean  levels  of  CSF  and  IC  SBDP  did  not 
differ  between  naive  and  sham 

shown  in  Figure  1  of  the  original  manuscript,  statistical  analyses  indicated  that  injury  magnitude 
significantly  increased  the  level  of  cortical  SBDPs  (Fig  IB).  Mean  levels  of  cortical  SBDPs  after  severe 
(1 .6mm)  injury  were  significantly  higher  than  mean  levels  of  SBDPs  after  mild  (1 .0mm)  injury.  Mean 
levels  of  SBDPs  after  both  severe  and  mild  injury  were  significantly  greater  than  mean  levels  of  SBDPs 
after  craniotomy  or  naive  controls.  Representative  gels  showed  that  levels  of  SBDPs  increased  with  injury 
magnitude  in  the  ipsilateral  cortex  in  CSF  (Fig  1  A).  Statistical  analyses  also  indicated  that  injury 
magnitude  significantly  increased  the  level  of  CSF  SBDPs  (Fig  IB).  Mean  levels  of  CSF  SBDPs  after 
severe  injury  were  significantly  higher  than  mean  levels  of  CSF  SBDPs  after  mild  injury.  Mean  levels  of 
CSF  SBDPs  after  both  severe  and  mild  injury  were  significantly  greater  than  mean  levels  of  CSF  SBDPs 
after  craniotomy  (naive  controls).  Lesion  size  on  T2  weighted  images  increased  with  injury  magnitude  24 
hrs  after  TBI.  Importantly,  as  shown  in  Figure  3  from  the  original  manuscript,  there  was  a  significant 
relationship  between  the  levels  of  CSF  SBDPs  with  lesion  size  detected  on  MRI  24  hrs  after  injury. 
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FIG.  3.  The  relationship  of  levels  of  CSF  SBDP  and  tau  with  lesion  size  24  h  after  TBI.  Regression  analysis  was  performed 
with  lesion  size  as  the  out-come  variable  and  levels  of  CSF  markers  (SBDP.  tau.  SlOO^)  24  h  after  TBI  as  the  predictor  vari¬ 
able.  (A)  Levels  of  CSF  SBDP  correlate  with  lesion  size  after  TBI  (r  =  0.83.  p  ^  0.0001).  A  linear  regression  equation  showed 
that  CSF  SBDP  significantly  contributed  to  prediction  of  lesion  size  (p  £  0.0001).  (B)  Levels  of  CSF  tau  correlate  with  lesion 
size  after  TBI  (r  =  0.600,  p  <  0.001 ).  A  linear  regression  equation  showed  that  CSF  tau  significantly  contributed  to  prediction 
of  lesion  size  (/>  ^  0.0001).  The  correlation  with  CSF  SBDP  and  tau  was  not  significant  if  craniotomy  and  sham  rats  were  not 
considered  in  the  analysis.  (C)  Levels  of  CSF  SIOO^  did  not  correlate  with  lesion  size  <r  =  0.188).  ■.  rats  affer  1.6  mm  injury  , 

♦.  rats  after  1.0  mm  injury.  4^.  rats  after  sham-craniotomy;  A.  naive  rats. 

Thus,  CSF  SBDP  significantly  contributed  to  the  predietion  of  lesion  size.  This  predictive  value  was 
greater  than  that  for  CSF  tau  or  for  SIOOP,  other  putative  biomarkers  of  brain  injury.  Although  the 
predietive  value  of  the  tau  biomarker  was  statistically  significant,  levels  of  CSF  SIOOP  did  not  eorrelate 
with  lesion  size.  Beeause  CSF  SBDP  eorrelated  with  lesion  size  at  24  hrs,  we  looked  at  the  relationship 
between  lesion  size  and  motor  performanee.  Motor  performanee  was  assessed  in  the  same  rats  that  lesion 
size  was  measured.  Importantly,  larger  lesion  sizes  were  assoeiated  with  deereased  assessment  of  motor 
performanee  on  the  rotorrod. 

In  summary,  this  work  provided  the  first  systematie  preelinieal  assessment  of  the  potential  elinieal 
utility  of  SBDPs  in  CSF.  These  studies  provided  a  eritieal  eonfirmation  that  the  magnitude  of  ehanges  in 
SBDPs  was  reliably  assoeiated  with  the  magnitude  of  injury  and  lesion  size.  In  addition,  the  study 
provided  data  suggesting  that  biomarker  analyses  could  ultimately  be  used  to  prediet  behavioral  outeome. 

SOW  5C-Plan 

Proteomics-based  technologies  including  SDS-PAGE-capillary  liquid  chromatography-tandem  mass 
spectrometry  and  high  throughput  immunoblotting  can  provide  powerful  tools  for  discovery  of  novel 
biochemical  markers  of  TBI,  some  of  which  could  reflect  calpain  and/or  caspase-3  activation. 

Rapid  advances  in  mass  speetrometry  methods  eapable  of  identifying  thousands  of  proteins  in  a  single 
sample  by  protease-speeifie  peptide  sequenees  provides  the  exeiting  possibility  of  rapid  diseovery  of 
protein  biomarkers  in  eomplex  samples.  However,  this  teehnique  is  ehallenged  by  several  limitations. 
Poorly  resolved  proteins  elude  identifieation,  while  well  resolved,  multiply  labeled,  proteins  produee 
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abundant  identifications  with  mass  spectrometry.  Given  our  emphasis  on  rapid  analysis,  rather  than  more 
comprehensive  initial  characterization,  we  selected  the  limited  resolving  power  of  SDS-PAGE  as  an 
effective  means  to  reduce  redundant  identifications  and  accelerate  the  discovery  of  putative  protein 
biomarkers.  Importantly,  this  initiative  represented  the  first  systematic  approach  to  apply  contemporary 
proteomics  technologies  to  the  discovery  of  novel  biomarkers  following  acute  CNS  injury. 

We  employed  SDS-PAGE-capillary  liquid  chromatography-tandem  mass  spectrometry  (SDS- 
PAGE-capillary  EC-MS^)  (Haskins  et  aL,  2005).  Ipsilateral  hippocampal  samples  were  collected  from 
naive  rats  and  rats  subjected  to  control  cortical  impact  in  rats.  Protein  database  searching  with  15,558 
uninterpreted  MS^  spectra,  collected  in  3  days  via  data-dependent  capillary  EC-  MS^  of  pooled  cyanine 
dye-labeled  samples  separated  by  SDS-PAGE,  identified  more  than  305  unique  proteins.  Differential 
proteomic  analysis  revealed  differences  in  protein  sequence  coverage  for  170  mammalian  proteins  (57  in 
naive  only;  74  in  injured  only;  and  39  of  64  in  both),  suggesting  these  are  putative  biomarkers  of  TBI  (See 
Table  1  in  original  manuscript).  Inspection  of  the  proteins  falling  into  each  of  these  3  categories  of  protein 
markers  showed  that  several  well  studied  proteins  involved  in  TBI  were  observed  in  both  naive  and 
injured  samples,  including  brain  creatine  kinase  (CKB),  a-spectrin,  neuron-specific  enolase  (NSE),  a- 
synuclein  (a-Syn),  microtubule  associated  protein  2a  and  2b  (MAP2),  neurofilament  (NE),  proteolipid 
protein  (PEP),  and  myelin  basic  protein  (MBP).  The  injured-to-naiVe  ratio  of  protein  sequence  coverage 
suggested  putative  biomarkers  that  may  exhibit  significant  differences  in  protein  concentration  between 
naive  and  injured  samples.  However,  protein  sequence  coverage  is  only  a  semi-quantitative  measure  of 
protein  concentration.  This  is  particularly  true  for  protein  identifications  based  on  single  tryptic  peptide 
sequences,  and  is  even  more  pronounced  for  degraded  proteins.  However,  proteins  observed  only  in  naive 
samples,  or  proteins  observed  with  greater  sequence  coverage  in  naive  samples  than  in  injured  samples, 
suggests  a  subset  of  putative  biomarkers  that  are  down-regulated,  released,  or  degraded  during  TBI-for 
example  all-spectrin  (Pike  et  aL,  2001,  2003).  Eikewise,  proteins  observed  in  only  injured  samples,  or 
proteins  observed  with  greater  sequence  coverage  in  injured  samples  than  in  naive  samples,  suggests  a 
subset  of  putative  biomarkers  that  are  upregulated  or  aggregated  during  TBI-for  example,  NSE.  The 
presence  of  known  biomarkers  of  TBI  such  as  a-spectrin  and  NSE  in  our  data  set  increased  confidence  in 
our  results.  As  shown  in  Eigure  3  of  the  original  manuscript,  approximately  10%  of  our  putative 
biomarkers  were  neuronal,  suggesting  a  number  of  potentially  useful  markers  of  neuronal  damage 
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following  TBL 
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StratificatiOTi  of  the  pu¬ 
tative  protein  biomarkers  discov¬ 
ered  in  injured  hippocampus 
only.  Protein  class,  number  of 
proteins,  fraction  of  protein  bio¬ 
markers.  Proteins  were  sorted 
into  classes  based  on  function 
and  localization  with  incieas- 
ingly  stringent  specificity:  blood, 
brain  <  membrane  <  nuclear  < 
cytoskeletal  <  dehydrogenase, 
enolase.  clock,  G- protein,  heat 
shock,  isomerase.  kinase,  mono¬ 
oxygenase.  phosphatase,  reduc¬ 
tase  <  synthase  <  lysosomal, 
mitochondrial  <  neuronal. 


In  summary,  this  study  was  the  first  of  its  kind  to  employ  advaneed  MS  proteomic  teehniques  to 
biomarkers  discovery  following  acute  CNS  injury.  These  data  provide  important  proof-of-principle  for 
more  rapid  and  comprehensive  sequence-specific  biomarker  discovery  strategies  incorporating  protein 
separation  prior  to  capillary  LC-  MS^  Thus,  this  work  established  a  critical  platform  for  productive  future 
biomarker  discovery. 

Prior  to  the  completion  of  the  funding  period  for  this  proposal,  we  also  initiated  the  first  studies 
using  a  novel  high  throughput  immunoblotting  (HTPI)  approach  employing  1 ,000  monoclonal  antibodies 
(PowerBlot)  to  more  specifically  compare  calpain  and  caspase-3  degradation  of  a  large  number  of 
substrates  following  experimental  TBI  in  rats.  This  research  was  published  subsequent  to  the  end  of  the 
funding  period  and  is  included  in  this  report  (Liu  et  al,,  2006).  HTPI  is  a  proteomic  method  targeting 
human  or  rat/mouse  proteins.  A  total  of  5  large  SDS-PAGE  gel/blots  were  done.  Then  each  of  these  blots 
was  separated  into  40  lanes  and  each  lane  was  than  subjected  to  multiple  monoclonal  antibodies  that 
target  protein  antigens  with  good  data  separation.  Since  HTPI  is  still  essentially  a  Western  blot,  it  is 
excellent  for  separating  intact  proteins  and  their  potential  BDPs.  We  further  hypothesized  that  HTPI  could 
assist  us  in  identifying  the  complete  set  of  brain  protein  substrates  (degradome)  that  undergo  proteolic 
degradation  during  and  after  brain  injury.  We  termed  this  “the  TBI  degradome”  in  light  of  the  widely 
recognized  effort  to  patrician  the  proteome  into  subsets  of  post-translational  modification  events  including 
proteolytic  degradation.  To  further  identify  the  degradome,  we  in  parallel  contrasted  the  TBI  differential 
proteome  with  caspase-2  and  caspase-3  degradomes,  as  generated  by  in  vitro  digestion  of  naive 
hippocampal  lysate  with  these  two  proteases,  respectively.  In  addition,  this  was  the  first  effort  to  use  the 
HTPI  approach  to  explore  proteolytic  systems  in  both  in  vitro  and  in  vivo  systems.  We  compared  pooled 
rat  hippocampal  lysate  samples  from  4  treatment  groups:  1)  naive,  2)  TBI  (48  hrs  after  controlled  cortical 
impact),  3)  in  vitro  calpain  II  digestion  and  4)  in  vitro  caspase-3  digestion.  As  shown  in  Table  1  of  the 
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original  manuscript,  we  identified  54  and  38  proteins  vulnerable  to  ealpain  II  and  oaspase-3  proteolysis, 
respectively.  In  addition,  48  proteins  were  down-regulated  following  TBI  while  only  9  were  upregulated. 

A 


Degradome 

Template 

A 

Template 

B 

Template 

C 

Template 

D 

Template 

E 

TOTAL 

Hits 

Ca|pain-2 

23 

13 

a 

3 

7 

54 

Caspase-S 

11 

12 

6 

2 

7 

38 

TBI 

It 

14 

10 

7 

t 

57 

B 


Calpain-2/Caspase-3 
Overlap  =  34 


Caspase-3 

Degradome 

(38) 


Caspase-3/rBI 
Overlap  =  31 


Figure  7  from  the  original  manuseript  summarizes  eharaeterization  of  the  3  degradomes  studied:  easpase- 
2  degradome,  easpase-3  degradome  and  TBI  degradome.  Figure  7B  employs  a  VIN  diagram  to  show 
overlap  of  protein  targets  in  the  3  degradomes.  Thus,  among  proteins  down  regulated  in  TBI,  42  of  them 
overlapped  with  calpain-2  and/or  caspase-3  degradomes,  suggesting  that  these  also  might  be  proteolytie 
targets  in  TBI.  We  further  eonfirmed  several  novel  TBI-linked  proteolytie  substrates  by  traditional 
immunoblotting,  ineluding  pil-speetrin,  striatin,  synaptotagmen-1,  synaptojanin-1  andNSF. 

In  summary,  these  studies  represent  the  first  effort  to  apply  HTPI  to  biomarker  identification 
following  acute  CNS  injury.  Importantly,  we  have  begun  eritical  studies  subdividing  the  CNS  injury 
proteome  into  meaningful  degradome  subeomponents. 

KEY  RESEARCH  ACCOMPEISHMENTS 

•  Provided  the  first  systematie  evidenee  that  distinet  eell  death  modalities  are  better  defined  by 
bioehemieal  markers  of  proteolysis  (e.g.  ealpain,  easpase-3  aetivation)  than  by  previously 
employed  approaehes  of  phenotypie  deseriptions  of  apoptosis  and  neerosis. 
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•  Provided  systematic  confirmation  that  TNF-a  is  a  potent  mediator  of  caspase-3  activation. 
Associated  in  vivo  studies,  provided  the  first  evidence  that  caspase-8  mediated  pathways  (activated 
by  TNF-a  receptor  coupled  mechanisms)  could  be  the  predominant  pathway  regulating  caspase-3 
activation  and  apoptotic  cell  death  following  TBI. 

•  Characterized  a  rat  hippocampal  slice  model  as  a  useful  ex  vivo  model  for  studying  calcium 
mediated  neurotoxicity  potentially  linked  to  excitotoxic  and  proteolytic  mechanisms  of  cell  death, 
especially  calpain  proteolysis. 

•  Provided  the  first  observation  that  apoptosis  produced  by  caspase-3  activation  may  be  regulated  by 
a  novel  anti-apoptotic  protein,  survivin. 

•  Developed  the  first  biochemical  markers  useful  to  assess  necrotic  and  apoptotic  cell  death 
following  acute  CNS  injury  in  vivo  and  conducted  preclinical  studies  rigorously  examining  their 
potential  clinical  utility. 

•  Pioneered  the  application  of  proteomics  including  MS  and  high  throughput  protein  immunoblots, 
to  the  study  of  the  pathobiology  of  TBI.  Studies  laid  foundation  for  development  of  novel 
biochemical  markers  of  calpain  and  caspase  proteolysis. 
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Invited  Lecturer  (2  lectures),  UCLA  Division  of  Neurosurgery,  Los  Angeles,  CA  (Jan,  2002) 

Invited  Attendee,  Advanced  Technology  Applications  for  Combat  Casualty  Care,  sponsored 
by  the  DoD,  St.  Petersburg,  FL  (Sept,  2002) 

Invited  Discussant,  U*NINDS/NIH  “Proteomics  in  the  Neurosciences”  Workshop 
Washington,  DC  (Dec,  2002) 

Invited  Speaker,  Santa  Lucia  Hospital,  Rome,  Italy  (Feb,  2003) 

Invited  Speaker,  NIH/NINDS  (Apr,  2003) 

Invited  Speaker,  Uniformed  Services  University  of  the  Health  Sciences 
And  NBIRTT  sponsored  conference,  Bethesda,  MD  (June,  2003) 

Invited  Speaker,  Post  Traumatic  Brain  Contusions  and  Lacerations  International  meeting,  Rimini,  Italy 
(Sept,  2003) 

Invited  Speaker,  3’^‘*  International  Conference  on  Biochemical  Markers  for  Brain  Damage 
Lund,  Sweden  (Sept,  2003) 

Invited  Participant,  NIH  Bullock  DSMB,  Richmond,  VA  (Nov,  2003) 

Invited  Speaker,  Grand  Rounds,  Univ  of  Mississippi  Dept  Neurosurgery,  Jackson 
MS  (Apr,  2004) 

Invited  Speaker  &  Poster  Presentation,  DoD  Peer  Review  Medical  Research  Program  Meeting,  San  Juan, 
Puerto  Rico  (Apr,  2004) 

Invited  Speaker,  Combine  ATACCC  &  NATO  Meetings,  St.  Petersburg,  FL  (Aug,  2004) 

Invited  Speaker,  ACRM-ASNR  Joint  Conference,  Ponte  Vedra,  FL  (Sept,  2004) 

Invited  Speaker,  CHI’s  2"‘*  Annual  Biomarker  Validation  conference,  San  Francisco 
CA  (Feb,  2005) 

Invited  Speaker,  VA  Sponsored  TBI  Workshop,  WRAMC,  Silver  Spring,  MD  (Apr,  2005) 

Invited  Speaker,  3’^‘*  Pannonian  Symposium  on  CNS  Injury,  Pecs,  Hungary  (Apr,  2005) 

Invited  Lecturer,  Fondazione  Santa  Lucia,  Rome,  Italy  (May,  2005) 

Invited  Speaker,  National  Chinese  Academy  Workshop  on  Cranial  Cerebral  Trauma 
Shanghai,  China  (May,  2005) 

Invited  Speaker,  Beijing  Neurosurgical  Practice  Group,  Beijing,  China  (May,  2005) 
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Invited  Speaker,  Shanghai  Neurosurgical  Practice  Group,  Shanghai,  China  (May,  2005) 
Invited  Speaker,  Xian  Neurosurgical  Practice  Group,  Xian,  China  (May,  2005) 

Invited  Attendee,  ATACCC,  St.  Petersburg,  FL  (Aug,  2005) 


CONCLUSIONS 

Our  laboratory  made  significant  contributions  to  testing  the  general  hypotheses  outlined  in  Dr.  Pike’s 
original  proposal.  Consistent  with  SOW  1  of  the  original  proposal,  we  examined  the  contribution  of 
calpain  and  caspase-3  activation  to  expression  of  necrotic  and  apoptotic  phenotypes  following  the 
clinically  relevant  manipulation  of  oxygen  glucose  deprivation.  This  work  extended  the  systematic 
examination  of  the  role  of  these  proteases  in  phenotypic  expression  of  necrosis  and  apoptosis  conducted 
by  Dr.  Pike  and  other  in  our  laboratory  and  outlined  in  SOW  1 .  Consistent  with  SOW  3  and  4,  we 
confirmed  the  role  of  receptor  coupled,  TNF-a  mediated  activation  of  caspase-3  and  resulting  apoptosis  in 
vitro  (SOW  3).  We  also  provided  the  first  demonstration  that  caspase-8  (activated  by  TNF-a  coupled 
receptors)  results  in  caspase-3  activation  in  apoptosis  following  TBI  in  vivo  (SOW  4). 

This  research  has  also  led  to  important  novel  and  unanticipated  findings.  These  findings  included 
the  development  of  a  ex  vivo  model  (rat  hippocampal  slice)  useful  for  studying  calcium  mediated 
neurotoxicity  typically  closely  linked  to  proteolytic  mechanisms  of  cell  death,  especially  calpain 
proteolysis.  We  have  also  provided  exciting  and  entirely  unique  observations  that  apoptosis  following 
TBI  produced  by  caspase-3  activation  may  be  reduced  by  the  anti-apoptotic  protein,  survivin.  Finally,  we 
have  built  on  Dr.  Pike’s  original  assertion  that  biochemical  markers  could  be  accurate  and  reliable  indices 
of  cell  death  mechanisms.  Thus,  we  have  focused  on  developing  the  first  program  to  systematically 
identify  and  preclinically  validate  biochemical  markers  of  acute  CNS  injury.  We  have  provided  strong 
evidence  that  breakdown  products  of  a-spectrin  identical  to  those  used  by  Dr.  Pike  in  his  in  vitro  studies 
will  be  useful  biomarkers  of  acute  CNS  injury  produced  by  a  variety  of  insults  including  neurotoxins.  In 
addition,  we  have  developed  the  first  proteomics-based  platform  to  discover  novel  biochemical  markers  of 
acute  insults,  including  novel  markers  of  calpain  and  caspase-3  proteolysis. 
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Abbreviations: 

BDP:  breakdown  products 

HTPI:  high  throughput  immunoblotting 

TBI:  traumatic  brain  injury 

NSF:  N-ethylmaleimide  sensitive  fusion  protein 

SNARE:  soluble  N  -ethylmaleimide-sensitive  fusion  protein  attachment  protein 
receptor 

SNAP-25:  Synaptosome-Associated  Protein  of  25  kDa 

SNAP-23:  Synaptosome-Associated  Protein  of  23  kDa 

CaMPK-ll:  Calcium/Calmodulin-Dependent  Protein  Kinase  II 

CaMPK-IV:  Calcium/Calmodulin-Dependent  Protein  Kinase  IV 

Psme3:  proteasome  activator  subunit  3 

NES1;  serine  protease  inhibitor  kallikrein 

PEX19;  peroxisome  assembly  factor  19 

Scampi ;  secretary  carrier-associated  membrane  protein  1 

RIP;  receptor-interacting  protein  kinase 


2 


Liu  et  al.  (2005)  Biochem.  J.  (revised  )  #  BJ2005/0905 


Synopsis 

A  major  theme  of  traumatic  brain  injury  (TBI)  pathology  is  the  over-activation  of 
multiple  proteases.  For  example,  we  have  previously  shown  that  calpain-1  and  2 
and  caspase-3  simultaneously  produced  all-spectrin  breakdown  products 
following  TBI.  In  this  study,  we  attempted  to  further  identify  a  comprehensive  set 
of  protease  substrates  (degradomes)  for  calpains  and  caspase-3.  We  further 
hypothesize  that  the  TBI  differential  proteome  is  likely  to  overlap  significantly  with 
calpain-  and  caspase-3-degradomes.  Using  a  novel  high  throughput 
immunoblotting  (HTPI)  approach  with  1,000  monoclonal  antibodies  (PowerBlot), 
we  compared  pooled  rat  hippocampal  lysate  samples  from  four  treatment  groups: 
(i)  naive,  (ii)  TBI  (48  h  after  controlled  cortical  impact),  (iii)  in  vitro  calpain-2 
digestion  and  (iv)  caspase-3  digestion.  In  total,  we  identified  54  and  38  proteins 
were  respectively  vulnerable  to  calpain-2  and  caspase-3  proteolysis.  In  addition, 
48  proteins  were  down-regulated  following  TBI,  while  only  9  were  upregulated. 
Among  those  down-regulated  in  TBI,  42  of  them  overlapped  with  calpain-2  and/or 
caspase-3  degradomes,  suggesting  that  these  might  also  be  proteolytic  targets  in 
TBI.  We  further  confirmed  several  novel  TBI-linked  proteolytic  substrates  by 
traditional  immunoblotting,  including  pil-spectrin,  striatin,  synaptotagmin-1, 
synaptojanin-1  and  NSF  (N-ethylmaleimide  sensitive  fusion  protein).  In  summary, 
we  demonstrated  that  HTPI  is  a  novel  and  powerful  method  for  studying 
proteolytic  pathways  in  vivo  and  in  vitro. 
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Introduction 

Traumatic  brain  injury  (TBI)  represents  a  major  CNS  disorder  without  any 
clinically  proven  therapy.  However,  significant  progress  has  been  made  in 
understanding  the  biochemical  mechanism  of  injury.  Indeed,  protease  over¬ 
activation  is  a  major  theme  in  traumatic  and  ischemic  brain  injury.  These  include 
cysteine  proteases  (calpain-1  and  -2  and  caspase-3,  cathepsin-B  and  -L  [1], 
metalloproteases  (e.g.,  MMP-2  and  -9)  [2-3]  and  threonine  protease  proteasome 
[4].  Of  particular  interest  are  calpains  and  caspase-3  [5].  Calpain  is  activated 
during  both  oncotic  (necrotic)  and  apoptotic  cell  death  in  neurons,  while  caspase- 
3  is  strictly  activated  in  neuronal  apoptosis.  Evidence  demonstrates  that  both 
necrotic  and  apoptotic  cell  death  are  present  in  traumatic  and  ischemic  brain 
injury.  Our  laboratory  has  shown  that  calpain-produced  and  caspase-3-produced 
all-spectrin  breakdown  products  (SBDPs)  are  present  following  both  traumatic 
and  ischemic  brain  injury.  We  further  showed  that  the  same  SBDPs  could  be 
found  in  the  cerebrospinal  fluid  following  TBI  in  rats  [6].  In  fact,  many  other  brain 
proteins  have  previously  and  independently  been  identified  as  vulnerable  to 
proteolytic  attack  after  neural  toxic  insults  or  by  calpain  and/or  caspase-3  action. 
These  include  pil-spectrin,  CaMPK-IV  and  CaMPK-ll  [5,  7-8]. 

Novel  high  throughput  immunoblotting  (HTPI)  technology  (BD  PowerBlot™)  [9- 
16]  has  recently  been  developed.  This  proteomic  method  employs  a  panel  of 
1 ,000  monoclonal  antibodies  targeting  human  or  rat/mouse  proteins.  A  total  of  5 
large  SDS-PAGE  gel  /  blots  were  done.  Then  each  of  these  blots  was  separated 
into  40  lanes  using  a  manifold  system.  Each  lane  was  then  subjected  to  multiple 
monoclonal  antibodies  that  target  protein  antigens  with  good  data  separation 
(molecular  mass  difference),  thus  achieving  a  high  throughput  status.  Since  HTPI 
is  still  Western  blot  in  principle,  it  is  excellent  for  separating  intact  proteins  and 
their  potential  breakdown  products.  We  argue  that  it  is  an  excellent  system  to 
study  proteolysis.  We  further  hypothesize  that  HTPI  can  assist  us  identifying  the 
complete  set  of  brain  protein  substrates  (degradome)  that  undergo  proteolytic 
degradation  during  and  after  traumatic  brain  injury.  We  termed  this  the  “TBI 
degradome,"  fashioned  after  the  term  “degradomes”  coined  by  Lopez-Otin  and 
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Overall  ([17],  It  is  likely  that  following  TBI,  some  proteins  will  be  up-  or  down- 
regulated,  rather  than  just  being  proteolytically  modified.  Thus,  to  further  identify 
those  that  are  degradomic,  we  in  parallel  contrasted  the  TBI  differential  proteome 
with  calpain-2-  and  caspase-3-  degradomes,  as  generated  by  in  vitro  digestion  of 
naive  hippocampal  lysate  with  these  two  proteases,  respectively.  To  our 
knowledge,  this  is  the  first  report  of  using  HTPI  approach  to  explore  proteolytic 
systems  in  both  in  vitro  and  in  vivo  systems.  Our  method  might  also  find  utilities 
in  identifying  protein  substrates  for  novel  proteases  with  unknown  functions. 
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Experimental 

In  vivo  model  of  traumatic  brain  injury  model 

A  controlled  cortical  impact  (CCI)  device  was  used  to  model  TBI  in  rats  as 
previously  described  (Pike  1998).  Briefly,  adult  male  (280-300  g)  Sprague- 
Dawley  rats  (Harlan:  Indianapolis,  IN)  were  anesthetized  with  4%  isoflurane  in  a 
carrier  gas  of  1:1  O2/N2O  (4  min)  followed  by  maintenance  anesthesia  of  2.5% 
isoflurane  in  the  same  carrier  gas.  Core  body  temperature  was  monitored 
continuously  by  a  rectal  thermistor  probe  and  maintained  at  37±1°C  by  placing  an 
adjustable  temperature  controlled  heating  pad  beneath  the  rats.  Animals  were 
mounted  in  a  stereotactic  frame  in  a  prone  position  and  secured  by  ear  and 
incisor  bars.  A  midline  cranial  incision  was  made,  the  soft  tissues  reflected,  and  a 
unilateral  (ipsilateral  to  site  of  impact)  craniotomy  (7  mm  diameter)  was 
performed  adjacent  to  the  central  suture,  midway  between  bregma  and  lambda. 
The  dura  mater  was  kept  intact  over  the  cortex.  Brain  trauma  was  produced  by 
impacting  the  right  cortex  (ipsilateral  cortex)  with  a  5  mm  diameter  aluminum 
impactor  tip  (housed  in  a  pneumatic  cylinder)  at  a  velocity  of  3.5  m/s  with  a  1.6 
mm  (severe)  compression  and  150  ms  dwell  time  (compression  duration).  These 
injuries  were  associated  with  local  cortical  contusion  and  more  diffuse  axonal 
damage.  Velocity  was  controlled  by  adjusting  the  pressure  (compressed  N2) 
supplied  to  the  pneumatic  cylinder.  Velocity  and  dwell  time  were  measured  by  a 
linear  velocity  displacement  transducer  (Lucas  Shaevitz™  model  500  HR, 
Detroit,  Ml)  that  produced  an  analogue  signal  that  was  recorded  by  a  storage- 
trace  oscilloscope  (BK  Precision,  model  2522B,  Placentia,  CA).  Sham-injured 
control  animals  underwent  identical  surgical  procedures  but  did  not  receive  an 
impact  injury.  Pre-  and  post-injury  management  were  in  compliance  with 
guidelines  set  forth  by  the  University  of  Florida  Institutional  Animal  Care  and  Use 
Committee  and  the  National  Institutes  of  Health  guidelines  detailed  in  the  Guide 
for  the  Care  and  Use  of  Laboratory  Animals. 
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Hippocampus  tissue  collection  and  protein  extraction 

Forty-eight  hours  after  CCI,  animals  were  anesthetized  and  immediately 
sacrificed  by  decapitation.  Brains  were  immediately  removed,  rinsed  with  ice-cold 
PBS  and  halved.  For  the  left  injured  hemispheres,  hippocampus  was  rapidly 
dissected,  rinsed  in  ice  cold  PBS,  snap-frozen  in  liquid  nitrogen,  and  frozen  at  - 
80OC  until  used.  For  Western  blot  analysis,  the  brain  samples  were  pulverized 
with  a  small  mortar-pestle  set  over  dry  ice  to  a  fine  powder.  The  pulverized 
hippocampal  tissue  powder  was  then  lysed  for  90  min  at  40C  with  50  mM  Tris 
(pH  7.4),  5  mM  EDTA,  1%  (v/v)  Triton  X-100,  1  mM  DTT.  Due  to  the  need  for  in 
vitro  protease  digestion,  protease  inhibitor  cocktail  was  not  used.  Instead, 
extreme  care  was  taken  to  keep  samples  as  cold  as  possible  and  to  work  rapidly 
to  reduce  post-mortem  artefact  The  brain  lysate  was  then  centrifuged  at  8000  g 
for  5  min  at  4°C  to  clear  and  remove  insoluble  debris,  snap-frozen  and  stored  at  - 
85°C  until  used. 

Calpain-2  and  casoase-S  digestion  of  naive  brain  Ivsate  and  purified  proteins 

Hippocampus  tissue  lysate  was  prepared  as  above.  For  purified  protein 
digestion,  pll-spectrin  and  synaptotagmin  were  used,  pll-spectrin  (as  a  subunit  of 
all-  and  pll-spectrin  heterotetramer)  was  purified  from  rat  brain  as  described 
previously  [27].  Recombinant  synaptotagmin  (as  a  GST  fusion  protein)  was 
obtained  from  Abnova  Corp  (Taiwan). 

In  vitro  protease  digestion  of  naive  rat  hippocampus  lysate  (5  mg)  or  purified 
protein  with  purified  proteases,  human  calpain-2  (Calbiochem,  Cat#  208715 
calpain-2,  Ipg/pl)  and  recombinant  human  caspase-3  (Chemicon  Cat#  cell 9, 
caspase-3,  1  Unit/pl)  (at  a  protein/protease  ratio  of  1/200  and  1/50,  respectively) 
was  performed  in  a  buffer  containing  100  mM  Tris-HCI  (pH  7.4)  and  20  mM 
dithiothreitol.  For  calpain-2,  10  mM  CaCIa  was  also  added,  and  then  incubated  at 
room  temperature  for  30  minutes.  For  caspase-3,  2  mM  EDTA  was  added  in 
stead  of  CaCl2  and  was  incubated  at  37°C  for  4  hours.  The  protease  reaction  was 
stopped  by  the  addition  of  SDS-PAGE  sample  buffer  containing  1%  (w/v)  SDS. 
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High  throughput  Immunoblotting 

Four  sets  of  pooled  samples  (n=6:  naive  rat  hippocampus,  TBI,  calpain-digestion, 
and  caspase-3  digestion)  were  prepared  and  subjected  to  sets  of  5  gel/blots 
(templates  A-E).  The  electrophoresis  and  blots  were  performed  at  BD  Bioscience 
facility  (Bringamham,  KY).  Briefly,  the  gels  were  13X10  cm,  4-15%  gradient 
SDS-polyacrylamide,  0.5  mm  thick  (Bio-Rad  Criterion  IPG  well  comb).  A  gradient 
system  was  used  so  a  wide  size  range  of  proteins  can  be  detected  on  one  gel. 
Protein  extract  (200  pg)  was  loaded  in  one  big  well  across  the  entire  width  of  the 
gel.  This  translates  into  ~10  pg  per  lane  on  a  standard  10  well  mini-gel.  The  gel 
was  run  for  1.5  hours  at  150  volts.  Proteins  in  the  gel  were  transferred  to 
Immobilon-P  membrane  (0.2  urn,  Millipore)  for  2  hours  at  200  mAmp.  We  used  a 
wet  electrophoretic  transfer  apparatus  TE  Series  from  Hoefer.  After  transfer,  the 
membrane  is  dried  and  re-wet  in  methanol.  The  membrane  was  blocked  for  one 
hour  with  blocking  buffer  (LI-COR).  Next,  the  membrane  was  clamped  with  a 
Western  blotting  manifold  that  isolates  40  channels  across  the  membrane.  In 
each  channel,  a  complex  antibody  cocktail  (4-6  antibodies)  was  added  and 
allowed  to  hybridize  for  one  hour  at  37°C.  Each  blot  has  39  usable  lanes  and  one 
lane  probed  with  antibodies  against  molecular  weight  markers  (MW)  on  the  far 
right  lane:  MW  Standards  -  Lane  40  of  Templates  A,  B,  C,  and  D  blots  were 
loaded  with  a  cocktail  composed  of  MW  standards:  pi  90  (190  kDa),  Adaptin  beta 
(106  kDa),  STAT-3  (92  kDa),  PTP1D  (72  kDa),  Mek-2  (46  kDa),  RACK-1  (36 
kDa),  GRB-2  (24  kDa)  and  Rap2  (21  kDa).  Lanes  20  and  40  of  Template  E  blots 
wereloaded  with  two  standardization  cocktails  (#1,  112  kDa,  83  kDa,  62  kDa,  55 
kDa,  42  kDa,  28  kDa  and  15  kDa;  #2,  190  kDa,  120  kDa,  101  kDa,  60  kDa,  50 
kDa,  27  kDa  and  21  kDa).  The  blot  was  removed  from  the  manifold,  washed  and 
hybridized  for  30  minutes  at  37°C  with  secondary  goat  anti-mouse  conjugated  to 
Alexa680  fluorescent  dye  (Molecular  Probes).  The  membrane  was  washed,  dried 
and  scanned  at  700  nm  for  monoclonal  antibody  target  detection  using  the 
Odyssey  Infrared  Imaging  System  (LI-COR).  Samples  were  run  in  triplicate  and 
analyzed  using  a  3X3  matrix  comparison  method. 
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Traditional  immunoblottina 

Tissue  samples  (20  pg)  were  subjected  to  electrophoresis,  equal  volume  of 
samples  for  SDS-PAGE  was  prepared  within  a  two-fold  loading  buffer  (0.25  M 
Tris  (pH  6.8),  0.2  M  DTT,  8%  SDS,  0.02%  Bromophenol  Blue,  and  20%  glycerol 
in  distilled  H2O),  gels  were  run  at  120  V  for  2  hours  in  a  mini-gel  unit  (Invitrogen). 
Protein  bands  were  transferred  to  PDVF  membrane  on  a  semi-dry  Transblot  unit 
(BioRad)  at  20V  for  2  h.  After  electrotransfer,  blotting  membranes  were  blocked 
for  1  h  at  ambient  temperature  in  5%  non-fat  milk  in  TBST  (20  mM  Tris-HCI,  pH 
7.4,  150  mM  NaCI  and  0.05%  (w/v)  Tween-20),  then  incubated  in  primary 
monoclonal  antibody  in  TBST  with  5%  milk.  Primary  antibodies  used  were  Anti- 
all-spectrin  from  Affiniti  (FG6090),  Anti-(3ll-spectrin,  CaMPK-ll  (C89220), 
CaMPK-IV  (C28420),  striatin  (S66020),  synaptojanin-1  (SI 2520),  synaptotagmin 
(S39520),  and  NSF  (N 14920)  from  BD  Bioscience.  The  blot  was  then  washed 
three  times  for  15  minutes  with  TBST  and  exposed  to  biotinylated  secondary 
antibody  (Amersham)  followed  by  a  30  min  incubation  with  strepavidin- 
conjugated  alkaline  phosphatase  (colorimetric  method).  Colorimetric 
development  was  performed  with  a  one-step  BCIP-reagent  (Sigma).  Molecular 
weight  of  intact  proteins  and  their  potential  breakdown  products  (BDPs)  were 
assessed  by  running  along  side  rainbow  colored  molecular  weight  standards 
(Amersham).  Semi-quantitative  evaluations  of  protein  and  BDP  levels  were 
performed  via  computer-assisted  densitometric  scanning  (Epson  XL3500  high 
resolution  flatbed  scanner)  and  image  analysis  with  Image-J  software  (NIH). 


Results 

all-spectrin  immunoblot  as  positive  control  before  HTPI. 

Our  experimental  design  calls  for  four  groups;  Naive  hippocampal  lysate  (naive), 
TBI  (traumatic  brain  injury  in  the  form  of  controlled  cortical  impact  with  1 .6  mm 
deformation  distance),  in  vitro  calpain-2  and  caspase-3  digestion  of  naive 
hippocampal  lysate.  We  initially  considered  using  unpooled  individual  samples 
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for  the  HTPI  analysis,  but  by  running  n=6  for  the  four  conditions  (naive,  calpain, 
caspase  and  TBI),  it  would  mean  a  total  of  24  samples.  The  cost  for  running  such 
expansive  analyses  would  be  formidable  and  extremely  time  consuming.  We 
have,  therefore,  decided  on  an  alternative  strategy  of  pooling  6  samples  from 
each  group  to  enhance  signal-to-noise  ratio  and  to  identify  “putative”  hits. 
Subsequent  to  that,  our  strategy  was  to  rely  on  follow-up  “hit”  confirmation  with 
individual  brain  lysate  samples  and  purified  protein  digestion  analysis  with 
traditional  immunoblots.  Naive  hippocampus  lysate  was  separately  prepared 
from  6  individual  rats  and  1  mg  protein  was  pooled  from  each  sample.  Similarly, 
TBI  samples  were  prepared  from  6  injured  individual  rats  and  1  mg  samples  were 
pooled.  As  for  calpain-2  and  caspase-3  digestion,  3  mg  pooled  naive  samples 
were  separately  digested  with  calpain-2  or  caspase-3  at  protease:substrate 
protein  ratio  (1/200  and  1/50,  respectively).  This  process  was  repeated  twice  to 
build  up  to  6  mg  of  protein  digest. 

To  ensure  the  quality  of  the  pooled  samples  was  sound  before  subjecting  them  to 
the  rigorous  high  throughput  immunoblotting  (HTPI)  process,  we  subjected  these 
pooled  samples  to  traditional  immunoblotting  against  all-spectrin,  a  well 
established  target  for  both  calpains  and  caspases  [5].  NaTve  brains  present  only 
intact  all-spectrin  of  molecular  weight  280  kDa.  Calpain-2  digestion  reduced  the 
levels  of  intact  all-spectrin  and  produced  breakdown  products  of  150  kDa  and 
145  kDa  (SBDP150  and  SBDP145)  while  caspase-3  digestion  also  reduced  the 
levels  of  intact  all-spectrin  and  yielded  breakdown  products  of  149  kDa 
(SBDP149;  also  known  as  SBDP150i)  and  120  kDa  (SBDP120),  as  expected, 
based  on  our  previous  experience  [5,  18]  (Fig.  1).  In  the  pooled  TBI  hippocampal 
samples,  the  reduction  of  all-spectrin  was  not  as  notable,  but  a  mixture  of 
SBDP1 50/149,  SBDP145  and  SBDP120  were  observed  (Fig,  1),  as  previously 
identified  [19].  This  confirmed  that  the  four  samples  we  prepared  for  this 
proteomic  study  have  preserved  the  expected  characteristic  features. 


HTPI  has  high  run-to-run  reproducibility 
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Each  pooled  sample  was  run  in  triplicate  on  each  of  the  five  HTPI  templates  (A- 
E).  Of  the  1,000  antibodies  probed,  550  of  them  gave  a  recognized  and 
quantifiable  signal  after  development.  Figure  2  illustrated  triplicate  naive  samples 
developed  as  template  A  blots,  showing  relatively  high-reproducibility  in  overall 
banding  profile  (Fig.  2).  However,  some  variations  in  protein  bands  intensity  of 
selected  protein  bands  were  observed,  as  expected  from  this  type  of  analysis. 
Thus,  it  is  important  that  samples  are  always  run  and  compared  in  triplicate. 
Other  templates  (B-D)  also  showed  similar  levels  of  same-sample-consistency 
(results  not  shown). 


Calpain-2,  caspase-3  degradomes  and  TBI  differential  proteome  identified 
by  HTPI 

Since  samples  were  run  in  triplicate,  for  each  pair-wise  comparison  (e.g.,  calpain- 
2  vs  naive),  a  3  X  3  matrix  of  comparison  was  made  to  cover  all  9  combinations. 
Based  on  vigorous  densitometer-computer-assisted  and  manual  comparisons, 
we  focused  on  parent  protein  bands  with  significantly  reduced  intensity  while  also 
looking  for  appearance  of  potential  breakdown  product  (BDP)  bands  after 
calpain-2/caspase-3  digestion  (Fig.  3  &  4)  or  after  TBI  (Fig.  5).  For  example. 
Figure  3  contrasts  representative  template  A  blots  for  naive  and  that  for  calpain-2 
digestion.  We  noted  that  23  parent  proteins  had  average  intensity  reduced  more 
than  two-fold  after  calpain  digestion  while  9  potential  BDP  bands  (lanes  2,  10, 
11,  13,  and  36)  were  observed  after  calpain-2  digestion  (Fig.  3,  lower  panel). 
Similarly,  12  parent  proteins  in  template  A  were  significantly  reduced  after 
caspase-3  as  a  result  of  proteolysis,  with  at  least  three  identifiable  BDPs 
observed  in  lanes  8  and  13  (Fig.  4).  Again,  when  template  A  for  naive 
hippocampus  was  compared  to  that  of  the  TBI  counterpart,  16  parent  proteins 
were  reduced  in  intensity,  and  therefore  were  either  expression-down-regulated 
proteins  or  were  potential  proteolytic  substrates  (Fig.  5).  In  addition,  two  potential 
BDPs  can  be  readily  observed  (lane  13,  18  and  29).  In  parallel,  two  proteins  were 
found  regulated  in  levels  after  TBI  (CASK;  ^  and  Psme3;  A29)  (Fig.  5). 
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Template  B  comparisons  also  identified  13,  12  potential  proteolysis  targets  for 
calpain-2,  caspase-3,  respectively  and  14  differentially  regulated  proteins  in  TBI, 
(Fig.  6).  In  addition,  templates  C-E  showed  very  similar  proteomic  patterns 
(results  not  shown).  Table  1  summarized  the  number  of  hits  from  each  template 
when  naive  was  compared  to  calpain-2,  caspase-3,  and  TBI,  respectively.  In  all, 
54  and  38  proteins  were  putatively  sensitive  to  calpain-2  and  caspase-3 
proteolysis,  respectively,  while  48  proteins  appeared  down  regulated  or  degraded 
following  TBI,  while  only  9  proteins  were  up-regulated  (CASK,  Psme3,  a-actinin, 
ceruloplasmin,  cdk2,  NES1,  TBP,  GS27  and  Smg)  (Fig.  7A).  Parent  protein 
signal  reduction  was  from  2-fold  to  more  than  10-fold.  Based  on  1,000  antibodies 
used,  the  “hit"  rate  for  calpain  vs.  naive,  and  caspase-3  digestion  vs.  naive,  and 
TBI  vs.  naive  were  5.4%,  3.8%,  and  5.7%,  respectively.  Furthermore,  40  of  these 
proteins  were  common  between  calpain-2  degradome  and  TBI  differential 
proteome,  while  31  proteins  were  common  between  caspase-3  degradome  and 
TBI  differential  proteome,  as  illustrated  by  the  Venn  diagram  (Fig.  7B).  There 
were  also  significant  overlaps  (34  proteins)  between  the  calpain-2  and  caspase-3 
degradomes.  Lastly,  there  were  29  proteins  identified  to  be  putative  degradomic 
targets  under  all  three  treatment  conditions.  However,  it  is  important  to  note  that 
the  TBI  differential  proteome  is  not  necessarily  all  degradative,  but,  in  part,  a 
result  of  changes  in  protein  expression.  Besides  the  42  proteins  in  TBI  that 
overlapped  with  calpain/caspase-3  degradomes,  we  also  found  6  additional 
proteins  with  decreased  signal  but  with  no  calpain/caspase  degradation 
counterparts  (RIP2/RICK;  C26,  syntaxin-6;  C7,  Rona;  D27,  PEX19:  D29, 
SCAMPI;  D38,  and  SLK;  E13).(  Fig.  7A, Table  1) 

Table  1  further  details  the  identity  of  putative  calpain-2,  caspase-3  substrates, 
and  TBI  differential  target  proteins.  As  expected,  some  previously  known  calpain 
substrates  were  identified  by  HTPI,  including  calcium/calmodulin-dependent 
protein  kinase  II  (CaMPK-ll;  A36)  [7],  dynamin  (B26)  [19]  protein  kinase  C  (PKC)- 
alpha  (B25),  -beta  (A18)  and  -gamma  isoforms  (A30)  [5,  18];  SNAP-25  (A7)  was 
described  as  a  calpain  substrate,  although  it  was  not  well  studied  [20].  Previously 
reported  dual  calpain/caspase-3  substrates  identified  by  HTPI  included  the 
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plasma  membrane  calcium  pump  isoform  2  (PMCA2:  A17)  ([20-21],  pll-spectrin 
(E8)  [18]  and  calcium/calmodulin  dependent  protein  kinase  IV  (CaMPK-IV;  C12) 
[8]  (Table  1).  Of  48  TBI-down-regulated  proteins,  (Table  1),  nine  proteins  are 
associated  with  synaptic  vesicle  formation  of  their  docking  and  trafficking: 
Synaptojanin-1  (synaptic  IP3-kinase),  synaptotagmin-1  (synaptic  vesicle- 
exocytosis  calcium  sensor)  and  NSF  (N-ethylmaleimide  sensitive  fusion  protein) 
and  synapsin-la  and  -II,  SNAP-25,  Munc-18,  a/b-SNAP,  amphiphysin  and 
rabphilin  3A.  These  data  suggest  that  proteolysis  might  play  a  significant  role  in 
the  synaptic  dysfunctions  following  TBI. 

Cytoskeleton-associated  protein  dynamin  and  dynactin,  as  well  as  actin-binding 
protein  profiling,  were  also  identified  as  TBI-proteolytic  substrates.  Adhesion 
molecules  (M-calherin  and  integrin-alpha3)  and  adaptor  proteins  beta-catenin 
and  adaptin  were  also  identified.  Again,  proteolysis  of  these  proteins  can  lead  to 
cytoskeletal  degradation  and  cell  shape  compromise.  Two  neurotransmitter 
receptor,  metabotropic  glutamate  receptor  1  (mGluRI)  and  GABE-B  receptor  2 
(GABA-B-R2),  also  appeared  to  be  sensitive  to  proteolysis  (Table  1). 

Two  cell  cycle  proteins  (Ki67  and  p55  Cdc)  were  also  identified  in  TBI  differential 
proteome.  The  TBI  differential  proteome  also  includes  two  apoptosis  proteins, 
previously  not  identified  to  be  sensitive  to  proteases-Bad  protein  (B36)  that 
translocates  to  mitochondria  as  well  as  the  mitochondria-released  Smac/Daiblo 
(B6)  that  binds  apoptosis  inhibitor  proteins  IAP1/2,  thus  facilitating  the  induction 
of  apoptosis.  How  proteolysis  influences  the  functions  of  some  of  these  proteins 
remains  to  be  elucidated. 


Degradomic  and  TBI  differential  proteomic  target  validation 

In  order  to  assess  the  confidence  of  the  degradomic  target  assignment  based  on 
HTPI,  we  first  asked  how  the  HTPI  results  compared  to  traditional 
immunoblotting  for  a  specific  protein.  From  Template  E  (lane  E8),  we  observed 
that  out  of  all  triplicate  runs,  pil-spectrin  (240  kDa)  consistently  diminished  upon 
protease  treatments,  while  putative  breakdown  products  (BDPs)  of  1 10  KDa  was 


13 


Liu  et  al.  (2005)  Biochem.  J.  (revised  )  #  BJ2005/0905 


identified  upon  calpain  digestion,  while  BDP  of  108  kDa  and  85  kDa  were 
observed  upon  caspase-3  digestion.  TBI  also  produced  loss  of  intact  pil-spectrin 
and  fainter  BDP  bands  of  110/108  kDa  and  85  kDa  (Fig.  8A).  In  parallel  to  HTPI, 
we  applied  pooled  naive  hippocampal  lysate  and  those  subjected  to  calpain-2 
and  capase-3  digestion  to  traditional  SDS-polyacrylamide  gel  electrophoresis 
(SDS-PAGE)  followed  by  immunoblotting  with  a  monoclonal  anti-pil-spectrin 
antibody  (BD  Bioscience)  that  was  identical  to  that  used  in  the  HTPI.  As 
illustrated  by  Figure  6B,  while  naive  brains  contained  no  BDPs,  calpain-2  and 
capase-3  digestions  produced  BDPs  of  110  kDa  and  BDP-108kDa  and  85kDa, 
respectively,  virtually  identical  to  the  patterns  generated  by  HTPI  (Fig.  8A).  In 
addition,  we  also  assessed  the  integrity  of  pil-spectrin  in  four  individual  naive  and 
four  individual  TBI  hippocampal  samples.  Consistent  with  the  HTPI  data  shown  in 
figure  7A,  we  again  observed,  in  traditional  immunoblots,  the  presence  of  BDP  of 
110  kDa,  108  kDa  and  85  kDa  in  all  three  TBI  samples,  but  not  in  the  naive 
samples  (Fig.  8B). 

In  this  study,  we  identified  over  30  novel  protease  substrates  (see  Table  1).  To 
ascertain  that  these  are  truly  proteolytic  substrates,  traditional  immunoblots  were 
again  performed  to  four  selected  “novel”  degradomic  targets:  striatin  (C22)  and 
NSF  (El  3)  as  calpain-2/caspase-3/TBI  triple  target;  synaptojanin-1  (A23)  and 
synaptotagmin-1  (All)  as  calpain/TBI  double  targets  (see  Table  1).  Traditional 
immunoblotting  results  showed  that  striatin  (110  kDa)  was  indeed  sensitive  to 
calpain-2  digestion,  producing  BDPs  of  40K  and  35K  as  predicted  from  HTPI. 
Caspase-3  digestion  also  produced  a  high  MW  fragment  of  100K  (Fig  9A),  which 
was  not  readily  observed  in  HTPI.  TBI  samples  also  showed  both  caspase- 
produced  BDP  of  100K  and  calpain-produced  BDPs  of  40K  and  35K.  Next,  we 
confirmed  that  synaptojanin-1  (140  kDa)  was  highly  sensitive  to  calpain, 
producing  BDP  of  70K.  Caspase-3  digestion,  also  partially  degraded 
synaptojanin-1  to  a  faint  70K  fragment,  which  was  not  observed  in  HTPI, 
probably  due  to  sensitivity  differences.  Importantly,  following  TBI  intact 
synaptojanin-1  protein  was  almost  completely  degraded  to  the  70K  BDP  (Fig 
9B).  Synaptotagmin-1  (65  kDa;  All)  was  degraded  by  calpain-2  to  BDP  of  33K 
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but  not  by  caspase-3  (Fig  9C).  The  BDP-33K  was  also  readily  observed  in  all 
four  TBI  hippocampal  samples  (Fig  9C).  Lastly,  NSF  was  degraded  by  calpain 
and  caspase-3  (to  a  lesser  extent)  to  BDPs  of  30K  and  25K  (Fig  9D).  We  also 
established  that  both  of  these  BDPs  were  readily  observed  in  TBI  samples  but 
not  in  naive  samples  (Fig  9D). 

Finally,  to  directly  prove  that  purified  HTPI-identified  target  proteins  are  indeed 
vulnerable  to  calpain  and/or  caspase-3,  we  tested  two  proteins.  We  obtained 
purified  (311-spectrin  (as  a  subunit  of  rat  brain  all/pil-spectrin  hetero-tetramer)  and 
recombinant  synaptotagmin-1  (as  a  GST-fusion  protein)  and  subjected  them  to 
calpain/caspase-3  digestion.  Coomassie  blue  staining  of  PAGE  gel  revealed  that 
both  all-  and  pil-spectrin  subunits  (280  kDa  and  260  kDa,  respectively)  were 
degraded  by  calpain  and  caspase-3,  producing  multiple  fragments  (Figure  10A). 
To  ascertain  that  pll-spectrin  was  indeed  a  substrate  for  calpain  and  caspase-3, 
immunoblotting  of  the  same  samples  probed  with  anti-  pil-spectrin  antibody  was 
performed.  We  observed  pil-spectrin  breakdown  patterns  (BDP-1 10K  for  calpain, 
BDP-108K  and  -85K  for  caspase-3)  (Figure  10A),  virtually  identical  to  those 
observed  in  HTPI  of  hippocampal  lysate  digest  (Figure  8).  Similarly,  recombinant 
synaptotagmin-1  (as  N-terminal  GST  fusion  protein,  about  90  kDa)  was 
vulnerable  to  calpain-2  proteolysis,  producing  three  major  fragments  (65K,  33K 
and  21 K)  (Figure  10B).  Again,  to  ensure  that  the  fragments  were  derived  from 
the  intact  synaptotagmin  portion  of  the  fusion  protein,  we  performed 
immunoblotting  with  anti-synaptotagmin  antibody  and  identified  two 
immunoreactive  polypeptides  (65K  and  33K)  (Figure  10B).  While  the  65K 
represents  the  full  length  synaptotagmin  truncated  from  the  GST  portion 
(appeared  as  a  21 K  fragment)  at  the  artificial  linker  region,  the  33  kDa 
synaptotagmin  BDP  was  identical  in  size  to  that  produced  when  hippocampal 
lysate  was  digested  with  calpain  (Figure  9). 


Discussion 
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In  this  study,  we  combined  two  powerful  and  emerging  areas  in  proteomics: 
degradomics  [22]  and  high  throughput  monoclonal  antibody  panel-based 
immunoblotting  (HTPI)  for  protein  identification  [9,  11].  Based  on  others’  and  our 
previous  evidence  showing  dual  attacks  of  neural  proteins  by  calpains  and 
caspase-3  under  neural  injury  situations  [5],  we  hypothesize  that  there  will  be 
significant  overlap  between  the  neuronal  proteins  vulnerable  to  proteolysis  by 
direct  calpain  and  caspase-3  digestion  and  following  traumatic  brain  injury  (i.e., 
calpain,  caspase-3,  and  TBI-degradomes). 

For  our  specific  study,  we  compared  and  contrasted  naive  versus  traumatically 
injured  hippocampal  lysate.  Craniotomy  (sham)  controls  were  performed,  but  not 
included  in  this  study  as  this  procedure  also  produced  a  mild  form  of  brain 
trauma.  As  for  the  classical  and  ubiquitously  distributed  calpain-1  and  -2,  our 
evidence  and  others  have  concluded  that  they  share  identical  substrate  sets  [23]. 
Thus  for  simplicity,  only  calpain-2  was  used  in  the  in  vitro  digestion  of 
hippocampal  lysate.  Similarly,  various  caspases  are  activated  in  brain-injury 
induced  neuronal  apoptosis  (caspase-3,  -8,  -9  and  -12)  [23-26].  Among  the 
execution  caspases,  the  most  relevant  and  well  studied  is  caspase-3.  Therefore, 
it  was  selected  for  this  comparative  degradomic  study.  The  calpain-2  and 
caspase-3  degradomic  data  generated  were  then  compared  to  TBI  degradomic 
data  (Table  1,  Fig.  6). 

Using  HTPI,  we  identified  43  proteins  in  the  rat  hippocampal  proteome  that  were 
putatively  degraded  following  TBI,  while  54  and  38  proteins  were  respectively 
vulnerable  to  calpain-2  and  cspase-3  proteolysis  (Table  1).  We  further  found  that 
there  were  significant  overlaps  among  the  calpain-2,  caspase-3  degradomes, 
and  TBI  differential  proteome,  with  29  of  these  proteins  common  among  the  three 
degradomes  (Fig.  6).  Within  the  calpain-2  and  caspase-3  degradomes  are 
previously  identified  calpain  and  capsase-3  substrates  such  as  pil-spectrin, 
CaMPK-ll  and  -IV  (Fig.  7-8).  We  identified  and  confirmed  a  number  of  previously 
unknown  protease-sensitive  target  proteins  in  TBI,  such  as  striatin, 
synaptotagmin-1 ,  synaptojanin-1  and  NSF  using  traditional  immunoblotting 
analysis  of  treated  and  untreated  hippocampal  lysate  (Fig.  9).  We  further 


16 


Liu  et  al.  (2005)  Biochem.  J.  (revised  )  #  BJ2005/0905 


confirmed  that  purified  pil-spectrin  and  synaptotagmin-1  were  in  vitro  substrates 
of  calpain  and/or  caspase-3  (Figure  10). 

Based  on  the  significant  overlaps  among  the  calpain  degradome,  caspase-3 
degradome  and  TBI  differential  proteome,  it  appears  that  these  two  proteases 
are  operating  in  concert  in  TBI  attacking  a  subset  of  cellular  proteins  that  are 
important  to  neural  functions.  For  example,  many  novel  TBI  proteolysis  targets 
are  synaptic  vesicle  proteins  (Table  1;  Figure  9).  It  is  tempting  to  suggest  that 
proteolysis  play  a  significant  role  in  the  synaptic  dysfunction  following  TBI.  Many 
cytoskeleton  proteins  (dynamin,  dynactin,  and  profilin  and  pil-spectrin)  and  cell 
adhesion  proteins  (adaptin  and  p-catenin)  also  appear  to  be  at  risk  for  proteolysis 
following  TBI  (Table  1).  It  should  be  noted  that  there  are  difference  between  TBI 
differential  proteome  versus  the  combined  calpain/caspase-2  degradomes:  while 
42  TBI-down  regulated  proteins  overlapped  with  calpain/caspase-3  degradomes, 
6  other  TBI-down-regulated-proteins  have  no  calpain/caspase  counterparts.  In 
addition,  there  are  also  9  prominently  up-regulated  proteins  in  TBI  that  could  not 
be  accounted  for  with  calpain/capase-3  degradomes  (Table  1,  Figure  7). 

To  date,  there  are  only  a  handful  of  published  studies  using  HTPI/PowerBlot  to 
address  a  biological  problem  [9-14].  Interestingly,  only  one  previous  paper  used 
HTPI  to  study  posttranslational  modification-protein  conjugation  to  ISG15,  a 
ubiquitin-like  protein  [12],  Thus,  to  our  knowledge,  the  current  work  is  the  first 
report  to  use  HTPI  to  study  protein  proteolysis.  While  there  are  now  several 
emerging  proteomic  technologies  including  tryptic  peptide  analysis  by  tandem 
mass  spectrometry,  antibody  microarray)  [27],  the  HTPI  is  the  most  ideally  suited 
proteomic  method  to  rapidly  identify  potential  targets  for  a  protease  system.  Most 
proteomic  methods  (MS/MS,  antibody  array)  cannot  readily  distinguish  intact 
proteins  from  their  fragmented  forms.  However,  HTPI,  in  contrast,  is  built  on 
traditional  immunoblotting  technology.  In  this  case,  intact  proteins  and  their 
potential  fragments  were  first  resolved  by  1D-SDS-PAGE  before  progression  to 
electrotransfer  and  antibody  probing.  This  method  has  been  proven  to  be 
extremely  powerful  in  identifying  the  occurrence  of  proteolysis,  as  well  as  distinct 
protein  fragments  (Fig.  7B).  We  determined  that  to  be  the  case  for  HTPI  as  well 
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(Fig.  7A).  Another  powerful  aspect  of  HTPI  is  the  relative  ease  for  protein 
identification  and  “hits”  confirmation.  Since  all  the  protein  bands  in  the  5 
templates  were  also  identified  and  annotated  based  on  the  applied  monoclonal 
antibodies,  putative  protein  identification  is  very  rapid.  Furthermore,  since  the 
exact  antibodies  used  in  the  HTPI  analysis  are  individually  available,  hit 
confirmation  is  very  rapid  and  robust  (Fig.  7-9).  One  potential  drawback  of  using 
antibody  array  approach  is  that  antibody  recognition  of  antigen  might  be  species- 
specific.  However,  the  1,000  antibody  sets  (from  BD  Bioscience)  we  employed 
were  tested  for  species  cross-reactivity  (human/rat/mouse)  and  over  90%  cross- 
react  with  protein  antigen  in  human  rat  and  mouse.  Of  the  74  total  hits  we  have  in 
Table  1,  all  but  3  have  confirmed  rat-reactivity  (thus  95%).  The  three  exceptions 
are  DRBP76,  cathepsin  L  and  p55-Cdc. 

One  of  the  potential  limitations  of  the  HTPI  method  is  that  it  is  not  exhaustive. 
Currently  the  expansion  of  HTPI  is  limited  by  the  availability  of  antibody  to 
specific  protein  antigens.  However,  in  only  a  few  years,  the  HTPI  panel  had 
already  grown  from  700  [9]  to  over  1 ,000  monoclonal  antibodies  (present  study). 
Another  caution  of  using  HTPI  to  identify  proteolytic  substrates  in  vivo  is  that  this 
method  will  also  detect  protein  with  significantly  reduced  expression  levels  rather 
than  degraded.  However,  we  contrast  in  vivo  TBI  differential  proteome  to  in  vitro 
protease  degradomes  (Fig.  3-5),  followed  by  traditional  immunobiots 
confirmation  and  detection  of  BDPs  (Fig.  9).  Therefore,  our  approach  adds 
another  level  of  confidence  in  our  degradomic  data  interpretation.  Finally,  any 
degradomic  targets  identified  by  HTPI  (Fig.  3-5)  should  be  confirmed 
independently  with  follow-up  studies,  including  cell-based  studies  where 
proteases  of  interest  can  be  activated. 

In  summary,  we  demonstrated  that  HTPI  is  a  powerful  and  novel  method  for 
studying  proteolytic  pathways.  In  this  case,  we  have  used  hippocampal  proteome 
as  an  example  to  demonstrate  the  feasibility  of  using  HTPI  to  study  proteolysis 
targets  in  vivo  and  in  vitro.  This  platform  technology  is  applicable  in  identifying 
potential  targets  for  novel  proteases  with  unknown  functions.  It  is  also  possible  to 
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identify  specific  protein  hydrolysis/processing  in  a  unique  organ  or  cell  system 
under  physiologic  or  pathologic  conditions. 
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Legends  to  figures 

Figure  1.  all-spectrin  immunoblot  as  positive  control  before  HTPI.  Pooled 
naive  rat  hippocampus  lysate,  lysate  digested  in  calpain-2  or  caspase-3  in  vitro 
and  traumatically  injured  rat  hippocampus  (TBI).  Naive  and  TBI  were  pooled  from 
6  individual  animals,  respectively.  To  confirm  the  extent  of  proteolysis  of  the  last 
three  samples  are  comparable,  we  analyzed  20  pg  of  these  samples  by 
traditional  SDS-PAGE  (6%  polyacrylamide)  and  immunoblotting,  probed  with 
monoclonal  anti-all-spectrin  antibody  (Affiniti  anti-fodrin  #FG6090).  Intact  protein 
(280  kDa)  was  observed  in  all  conditions.  Calpain-2  digestion  produced  major 
fragments  SBDP150  (150  kDa)  and  SBDP145  (145  kDa)  (solid  arrows)  while 
caspase-3  digestion  produced  SBP149  (SBDP150i,  149  kDa)  and  SBDP120 
(120  kDa)  (open  arrow  heads)  [5],  In  TBI,  a  mixture  of  SBDP150,  149,  145  and 
SBDP120  were  observed. 

Figure  2.  HTPI  has  low  run-to-run  variability.  Pooled  naive  hippocampus 
samples  were  run  in  triplicate  (1  mg  protein  loaded  per  blot).  Images  of 
developed  blots  (Template  A)  were  shown  from  top  to  bottom.  Each  template  has 
39  usable  lanes  for  antibody  probing  and  the  last  lane  (40)  was  probed  with 
“molecular  weight  markers-antibodies”  (their  MW  is  illustrated  on  the  right 
margins).  Lane  numbers  were  indicated  over  the  top  margin.  Each  lane  is 
separated  and  probed  with  4-7  monoclonal  antibodies.  With  the  use  of  the 
manifold  partition  system,  there  is  no  lane-to  lane  primary  antibody  cross¬ 
contamination.  The  results  confirm  the  low  variability  in  banding  patent  with  same 
sample  analysis. 

Figure  3.  Example  of  Calpain-2  Degradome  (Template  A).  Template  A’s  from 
naive  hippocampus  (upper  panel)  and  calpain-2  digested  hippocampal  lysate 
(lower  panel)  were  compared  in  triplicate  (9  comparisons  in  total).  One  set  of 
representative  blots  was  shown.  Molecular  weight  markers  (lane  40)  are  as 
indicated  on  the  right.  Protein  bands  with  sufficient  intensity  were  subsequently 
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decoded  and  quantified  by  computer  software  (BD-Bioscience).  We  noted  that  in 
a  number  of  proteins  (indicated  in  solid  box;  upper  panel),  their  average  intensity 
reduced  more  than  2-fold  after  calpain  digestion  and  several  BDPs  were  also 
observed  (BDP;  in  dotted  box;  lower  panel). 

Figure  4.  Example  of  Caspase-3  Degradome  (Template  A).  Template  A’s  from 
naive  hippocampus  (upper  panel)  and  caspase-3  digested  hippocampal  lysate 
(lower  panel)  were  compared  in  triplicate.  One  set  of  representative  blots  was 
shown.  Molecular  weight  markers  (lane  40)  are  as  indicated  on  the  right.  Similar 
to  figure  3,  9  parent  proteins  in  template  A  (in  solid  box,  upper  panel)  were 
significantly  reduced  after  caspase-3  digestion  as  a  result  of  proteolysis,  and 
several  BDPs  were  observed  (in  dotted  box;  lower  panel). 

Figure  5.  Example  of  TBI  differential  proteome  (Template  A).  Template  A  for 
naive  hippocampus  (upper  panel)  was  compared  to  that  of  a  TBI  (1.6  mm 
deformation  distance,  48  h)  counterpart  (lower  panel).  Comparisons  were  made 
in  triplicate.  One  set  of  representative  blots  was  shown.  Molecular  weight 
markers  (lane  40)  are  indicated  on  the  right.  Thirteen  proteins  in  template  A  had 
reduced  in  average  intensity  (down-regulated)  after  TBI,  (in  solid  box;  upper 
panel).  In  addition,  several  BDPs  can  be  readily  observed  (in  dotted  box;  lower 
panel).  Two  proteins  found  to  be  up-regulated  in  TBI  were  CASK  (A3)  and 
Psme3  (A29)  (in  dotted  box). 

Figure  6.  Comparison  of  Template  B  from  NaYve,  TBI,  calpain-2  and 
caspase-3  digestion.  Template  B  for  naive  hippocampus  (upper  left)  was 
compared  to  that  of  calpain-2  (upper  right)  and  caspase-3  digestion  (lower  left) 
and  TBI  (lower  right).  Molecular  weight  markers  (lane  40)  are  as  indicated  on  the 
right.  Proteins  reduced  in  average  intensity  are  potentially  proteolytic  targets  for 
calpain  and  caspase-3  or  down-regulated  in  the  case  of  TBI  (in  solid  box).Two 
proteins  found  to  be  up-regulated  in  TBI  were  cerulplasmin  (B37)  and  alpha- 
actinin  (B9)  (in  dotted  box).  In  addition,  several  BDPs  produced  by  calpain-2  or 
caspase-3  can  be  readily  observed  (in  dotted  box). 
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Figure  7.  Summary  of  Calpain-2.  caspase-3  and  TBI  differential  proteome 
results  from  HTPI.  (A)  The  number  of  putative  degradomic  hits  for  each 
template  based  on  calpain-2  vs.  naive,  caspase-3  vs.  naive  and  TBI  vs.  naive 
comparisons  were  tabulated.  The  total  number  of  degradome  hits  was  listed  on 
the  far  right.  (B)  Venn  Diagram  shows  overlap  of  protein  targets  in  the  three 
degradomes  (calpain:  dashed  line;  caspase-3:  dotted  line;  TBI;  solid  line).  Total 
number  of  protein  targets  is  in  brackets.  Overlaps  and  triple  overlap  numbers  are 
as  indicated. 

Figure  8.  HTPI  approach  allows  rapid  target  confirmation.  (A)  Extracted 
lanes  (E7)  from  template  E  of  the  HTPI  analysis  were  shown:  intact  pil-spectrin 
(240  kDa)  was  identified  to  be  significantly  reduced  in  level  by  calpain-2 
digestion,  caspase-3  digestion  and  in  TBI.  One  calpain-mediated  breakdown 
product  (BDP)  of  110  kDa  (black  label)  and  two  caspase-mediated  BDPs  of  108 
kDa  and  85  kDa,  respectively  (grey  labels)  were  tentatively  identified.  These 
three  BDP’s  were  also  tentatively  identified  in  the  TBI.  (B)  Traditional  SDS-PAGE 
and  Western  blot  were  also  performed  with  identical  monoclonal  Anti-pil-spectrin 
antibody  (BD  Bioscience  product  #  S31120).  Samples  analyzed  were  naive 
(pooled)  vs.  calpain-2  and  capase-3  digestion  (left  three  lanes)  as  well  as  four 
separate  naive  and  TBI  samples,  respectively.  Again,  BDPs  of  110  kDa  (solid 
arrow)  and  of  108  kDa  and  85  kDa  (open  arrow  heads)  were  observed.  The 
asterisks  indicate  rat  IgG  heavy  chain  and  fragments  from  contaminating  blood 
that  cross-react  with  the  secondary  anti-mouse  IgG  detection  system  used. 


Figure  9.  Examples  of  four  proteins  identified  by  HTPI  as  novel  proteolytic 
targets.  Four  proteins  were  identified  as  proteolytic  targets  for  either  calpain-2, 
capase-3  and/or  in  TBI:  striatin  (A),  synaptojanin-1  (B),  synaptotagmin-1  (C)  and 
NSF  (D).  Traditional  SDS-PAGE  and  Western  blot  were  also  performed  with 
monoclonal  antibodies  against  striatin,  synaptojanin-1,  synaptotagmin  (isoform  I) 
and  NSF.  Samples  analyzed  were  calpain-2  and  capase-3  digestions  (left  two 
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lanes)  as  well  as  four  separate  naive  and  TBI  samples,  respectively.  In  (A)-(D), 
intact  proteins  are  shown  with  bold  arrows  (with  M.W.  in  brackets).  Calpain-2- 
mediated  BDPs  are  shown  with  solid  arrows.  Caspase-3  mediated  BDPs  are 
shown  with  open  arrow  head.  Molecular  weights  are  as  indicated.  The  asterisk  in 
(A)  indicates  rat  IgG  light  chain  from  contaminating  blood  that  cross-react  with 
the  secondary  anti-mouse  IgG  detection  system  used. 


Figure  10.  Examples  of  two  purified  proteins  confirmed  to  be  proteivtic 
targets  for  calpain  /caspase-3:  bll-spectrin  and  svnaptotaqmin-1.  Purified  pil 
-spectrin  (as  subunit  of  rat  brain  spectrin)  (A)  and  recombinant  GST-fused 
synaptotagmin-1  (B)  were  subjected  to  calpain-2  /caspase-3  digestion  and 
calpain-2  only  digestion,  respectively.  Both  Coomassie  blue  stained  blotting 
membrane  (left  panels)  and  immunoblotting  analysis  with  pil-spectrin  and 
synaptotagmin-1  antibodies  (right  panels)  were  performed.  Intact  proteins  and 
major  BDPs  were  labeled  with  arrows.  Several  major  all-spectrin  BDPs  were  also 
identified  (open  triangles). 


28 


Liu  et  al.  (2005)  Biochem.  J.  (revised  )  #  BJ2005/0905 


Table  1.  Identity  of  degradomic  protein  targets  for  calpain-2  and  capase-3, 
and  differentially  regulated  proteins  after  TBI.  Protein  names  or  abbreviations 
are  listed  on  the  far  left  column.  Their  template  and  lane  location  are  listed  on  the 
second  column.  Swiss  Pro  ID  and  predicted  molecular  weight  are  also  listed. 
Whenever  a  protein  is  altered  in  levels  in  one  of  the  three  conditions  (Calpain-2, 
Capase-3,  or  TBI),  the  fold-change  of  the  parent  protein  is  indicated  in  the  three 
columns  on  the  far  right.  Since  the  majority  of  proteins  showed  decreased  levels 
in  the  treatment  group  vs.  control  (naive),  the  fold  change  always  indicates 
decrease  as  the  default.  When  protein  level  is  increased  (for  some  proteins  in 
TBI),  the  fold  increase  is  indicated  with  a  (+)  sign  and  the  fold  change  is  in 
brackets.  Also,  we  used  high  stringency  inclusion  criteria.  Only  proteins  with 
band  decrease  or  increase  with  at  least  1.5-fold  in  ail  9  possible  comparisons 
between  3  treatment  replica  vs.  3  control  replica  are  shown. 
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Liu  et  al.  Figure  2 
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Liu  et  al.  Figure  3 
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Liu  et  al.  Figure  4 
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Liu  et  al.  Figure  7 


A 


Degradome 

Template 

A 

Template 

B 

Template 

C 

Template 

D 

Template 

E 

TOTAL 

Hits 

Calpain-2 

23 

13 

8 

3 

7 

54 

Caspase-3 

11 

12 

6 

2 

7 

38 

TBl 

18 

14 

10 

7 

8 

57 

Calpain-2/Caspase-3 
Overlap  =  34 


proteome 


Caspase-3 

Degradome 

(38) 


Caspase-3/TBI 
Overlap  =  31 


(57) 


37 


Liu  et  al.  (2005)  Biochem.  J.  (revised  )  #  BJ2005/0905 


Liu  et  al.  Figure  8 
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Liu  et  al.,  Figure  10 
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Maitotoxin  Induces  Calpain  But  Not  Caspase-3  Activation 
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■Vliloiojin  is  i  poient  »xm  lhai  irtviies  volta*t  ud  rtceptor-itwiiaicd  Cj“  channeis,  rcjulnn* 
and  npid  cb,I  death.  We  repon  that  maitotoain-induced  cell  death  is  asiociaied 
with  iciivacon  of  calpain  but  not  caspase-3  proteases  in  seplo-hippocatnpal  cell  cultures,  Calpain 
and  caspase->  aciiviiton  were  eaamined  by  accuoiulaiion  of  protease-specific  breaWown  producu 
to  o-specthn.  Cell  death  manifested  exclusively  neeintie-lilte  chaticierisws  including  lourd. 
shrunken  nuclei,  even  diuributioo  of  chromatin,  absence  of  DNA  frigmenution  snd  faihirt  of 
protcffl  synthesis  inhibition  to  reduce  ceil  dcatb.  Necrotic  cell  destb  was  observed  in  neurons  and 
as^ha  Calpain  inhibiinr  II  inhibited  calpain-specilic  piocessing  of  a-spectrin  and  significantly 
reduced  cell  death.  The  pan-caspase  inhibilor,  Z-D-DCB,  nomiiially  ancnuatid  ceil  death.  Results 
suggest  ttiau  (1)  olpsin.  but  not  csspase-3,  is  aeovmed  is  a  result  of  nuiiouxin-indiieed  Ca'- 
mflua;  (2)  nccToiic  cell  death  caused  by  maitotoxin  exposure  is  paniilly  mediated  by  calpain 
acsivaiwfi;  (3)  maitotoiin  is  a  useful  tool  to  investigate  paihological  mechanisms  of  necrosis. 


K£y  WORDS:  Calpaia;  easpaies;  mattocosint  nocrotts;  apopcoci. 


I.NTRODllCriON 

Calpains  an:  calcium  activated,  neutral,  cytosolic 
cysteine  proteases.  Currently,  two  major  isoenxymes  of 
calpain  arc  known  to  exist  in  the  central  nervous  system, 
P<alpain  and  m-ealpain  (1-5).  p-Calpain  has  microm¬ 
olar  sensitivity  to  calcium  and  is  located  primarily  in 
neuronal  soma  and  dendnies  and  less  abundantly  in  ax- 
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713-500.6132  fax-  711-500.7767 


0ns  and  glia  (6,  7).  m-Calpain  has  mitlimolar  sensitivity 
to  caJetum  aeiivation  and  is  primarily  glial,  with  low 
levels  also  found  in  axons  (6)  as  well  as  being  a  possible 
consiinieni  of  myelin  (8).  Calpain  has  relative  selectivity 
for  proteolysis  of  a  sub^  of  cellular  proteins  including 
cytoskeletai  proteins,  calmodulin  binding  proteins,  en¬ 
zymes  involved  in  signal  tiansdtietion  (e  g.  kinases, 
pKosphotases,  phospholipases),  membrane  proteins  (e.g. 
rctrepton)  and  transcription  factors  (e.g.  Fos,  Jun),  (3, 4. 
9).  Recent  interest  iti  calpain  is  attributable  to  growing 
recognition  that  pathological  cascades  following  central* 
nervous  system  insults  including  Daumatic  brain  injuiy, 
ceiebra]  ischemia  and  spina]  cord  injury  are  al  least  par¬ 
tially  medialed  by  increased  intiaetllular  calcium  and 
activation  of  calpains.  Many  investigators  hypothesize 
ihii  activated  calpain  breaks  down  cytoskeletai  proteins 
resulting  in  loss  of  cell  integrity  and  subsequent  cel] 
death  (10-12). 
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blocked  C4lp«ui  tod  otpue  ■ettwuoa  a*  well  m  tpoecaiie  ceil  daiJi 
m  Out  lynen  (17).  Fdllowiai  each  MperimeBl,  oJU  were  Med  for 
Hainiog.  or  protein  or  DNA  eauaction  wtt  performed. 


0  «  M  Bone  Acid,  J  mM  EDTA.  pH  S  4)  ■(  40V  for  2  hoort.  The 
DNA  ia  Che  fels  wu  visualised  and  phou>|(npfacd  under  UV  iifhi 
afler  auining  with  i  )t|/inL  of  ethidium  Ownide 


Morphologica!  Asxessmenu  of  Celt  Domagt 

1.  ^Vtfomccw  OweeM/f  aW  Fropidtmm  iodit/e  Asscy  tfCsJl  Vi* 
ability  FktoreiEeiB  diacetaie  (FDA)  a^  proptdium  iodide  (K)  dy<» 
were  uKd  lo  aaaoa  eel)  vUbiltfy  after  naiuioaia  Iscubaaoa  FDA 
eniers  norsvl  e«iU  jutd  emiU  a  free*  floovaecsor  wha  H  U  ela««d 
by  esteraMi.  Ob9  ekeved.  FDA  can  oo  loofa  penwau  cell  okov- 
btartea  PI  U  ta  iauivita)  dye  chat  is  ooroully  eaehakd  (reni  ealla 
After  tojory,  f  |  pcaccratee  ccili  and  binds  (o  DNA  ia  the  oodexu  aia! 
emits  a  ml  fluomocaoe.  This  terhn:(|ue  is  eommou^  used  to  quan- 
liute  cell  Miju/y  (4 1).  As  per  ;ooa  aod  Scaft  (41).  s  Mock  loluboe  of 
FOA  (20  mi^inL)  wu  disaoived  in  acoone.  A  PI  uock  solution  w»s 
prepared  by  disaobia«  S  m§/mL  la  PBS  Tha  FDA  sad  FI  werkjng 
soljtioas  wore  ftesbry  prepared  by  ^dtsf  10  )J  of  the  FDA  aod  3  |a] 
of  PI  «rk  to  10  mi  or  phospbste  bufTeed  saliao  (PBS).  Tw^huirfitrf 
micToliien  per  well  of  FDA/Pl  worluai  Mltaiee  wee  ^dod  direcdy 
to  the  ccila  Cells  were  susnod  for  i  mia.  u  room  tempenmre  sad  put 
Oft  ice,  Suiaed  cells  were  eumiaod  witb  4  fltsoraeeiax  nierweepe 
equipped  with  epi-tUtaniaaiiofl.  band  p«u  4SIM90  nM  escucr  ftU0, 
5 1 0  nre  rkiMTiaitc  beam  spbna.  sad  a  kng  past  520  Mt  harrier  filter. 
This  filter  combioatioa  permioed  both  |ieeo  sad  rod  Bt^iaSiag  ccILi 
to  be  seen  simuitaiMusiy.  Tltc  pereem  of  viabk  ceils  ia  control  eui* 
rurm  and  foUowiog  maitotosia  iasuli  (with  or  wakau  preteme  sad 
protein  syokbesia  inhihlton)  at  dillbcai  lime  peiiui  was  deiermiaed 
from  M  separate  «apen«ncMs  wing  FOA/M.  Cdl  viibuny  caa  be 
deterrTQBed  since  this  ptocadtae  lesuhs  la  tbe  auclei  of 
ftuoreaciivg  red  while  ibe  OSopUsa  of  Usin  cells  fluotcaca  pwa. 
CcU  loss  wm  caJcvlaicd  ia  lOOX  (Wlk  (five  seqmUl  lOOX  firHa 
were  countad  sad  amaged  per  well)  for  throe  wefU  ta  cKb  eaperi- 
mcm  41  a  pa  uoa  of  loul  cdl  aumhe’. 

?.  /itmrkrt  Staining  of  Apop»de  AheW.  The  A-t  haswpair^. 
ciM  dye.  Hoeebst  232SI  (bis-brimaide;  Sittaa)  wia  wed  to  Msia  cell 
auclei.  Followug  ovoaighr  fixsiioa  La  4%  wnOxraaldybide  at  4  *C. 
cells  grown  oa  Oermaa  Class  were  washed  (hm  limea  wtih  PBS  tad 
Ubeled  with  (  pgnni  of  the  DNA  dye  Kdedut  32251  in  PBS  A*  5- 
10  mirt  St  room  (anpemurc,  uaiag  enough  selutioa  to  cover  the  odls 
completely.  Cells  were  naaed  iwice  with  PBS  and  imtated  wak  cryv 
ul-mouAi  medium  (Biomoda).  Ceils  were  obarereto  sad  pMcognpbed 
^  on  a  phase  cuetra*  and  ftuoreaoeace  tnkToseepe  wHk  a  UV3A  filter. 

j^DUA  Frotmamtaom  Auvy.  DNA  gel  eiacbrphomis  was  kme 
^%x  desenbed  la  Gong  a  at.  (43).  BhcAy.  eelU  treie  oeJkEted  ia  the 
ume  manner  as  for  imniioobio«n|,  CclU  B  ach  veaCrmt  coodiuoa 
woe  cdkrted  by  cerurtfbgsilen  and  Used  ia  Mpensmn  ia  7t)%  cold 
edvtaol  and  stored  la  fixative  at  -20  *0  fee  24-72  houn.  C«lh  were 
»b«  entnfii^  B  tOOg  Ibf  5  min.  md  ethsnel  waa  tfexeughly  re- 
moved  Cell  pcUcts  woe  resuspoided  in  40  pi  of  pbcspbaie<maie 
(PQ  biller  omisticg  of  )92  parts  of  OJ  M  Ni,HPO.  and  «  paru  of 
O.t  M  cilric  acid  (pH  7.8)  it  room  temperature  Cor  1  bots.  Afto  cen* 
irifirgBion  u  lOOOg  fer  5  min.,  tbe  aiqxtuataM  war  trtasferred  to  ww 
hibo  and  coneoitrasod  by  vaaium  in  a  SpeedVac  eonentmor  for  13- 
30  minAThree  p]  of  0J5S  Nortidet  NF^  ia  diailled  water  waa  (ben 
added.  WUrwed  by  3  p)  ofa  loiuikin of  DNaae-ftee  lUfase  (I  mgAnL). 
After  30  min.  ineubarioa  «  37  T,  3  pi  of  a  aoUdion  ofpiecaoasc  K 
(1  jag/mt)  wu  added  and  (be  »uact  was  incuhited  for  additional  30 
mia.  at  37  *C.  After  the  ineubaimn,  1  pi  oTfiX  loadag  buncr(0.25y. 
bromophenoi  Woe.  0.23H  sytene  cyaaoi  Ff,  30%  glycerol  jo  water) 
waa  added  and  tbe  entire  content  fifibe  tube  was  tnnsfmed  toa  M% 
agwwe  ge!  and  eleevopborcaia  wai  performed  ia  IX  TBE  (0.1  M  Triv 


Asjcssment  of  a^pectrin  Degradaiioft  by  Coipoins  and 
Caspase-S 

^  SOS-FoijmeryiaMlJr  Cri  £/ccrre>pAor0ia  and ImmitaobiotUAg. 
Benuse  wipectria  contains  vi(>mrr  noti&  prererred  by  both  cal- 
pucs  and  caspaac')  protases,  activaiiea  of  these  two  (amilia  ofeys* 
tetne  pnaeases  can  be  asseued  ccocwcntly  by  imtnuaobloi 
tdemiftatioa  of  calpain  aadtor  easpaseO  siptaiuje  clavage  preducu 
Calpain  has  a  high  affinity  for  (wo  liies  on  the  naiive  240  kDa  a* 
spectrin  protein.  Feliowing  alpaia  aetivatioo.  inuct  a-spectris  (280 
kDa)  is  proiMlyicd  tmo  diamct  150  kDa  and  145  kDa  fragmenis 
4ewicd  oe  immunoblou.  The  first  site  Is  rapidly  atucked  fellawiBg 
caipaiB  activation  resuktng  ia  a  ISO  kXk  spectra  breakdowa  predtvt 
(BDP).  F-anher  calpain  precosing  of  130  kDa  BOPs  at  the  N-lemunal 
yields  a  calpain-tpeciAs  145  kDa  BDP  (13,  1<  37).  Caspasc-3  pro¬ 
teases  arc  sspanic  acid^pecifie  cysteine  pioteases  that  recogsae  a 
dilFcroM  clavage  motif  ia  target  lulMaiies.  One  or  more  monfaere  of 
the  cupise  3*lik*  pmiesse  Ham-Iy  ckave  intact  o-epectrin  to  prodoce 
1 50  kDa  BDPs,  and  fiatbs  pforvatBig  of  150  kDi  fngrrau  results 
in  s  aipaac'3  specific  120  kOa  BDP(25).  Moraow.  tbe  120 
kOa  hagmeni  has  beca  showa  lo  be  asaociatod  with  caspasc-3  aeti* 
vaileo  in  variotn  in  vhre  systems  of  apoptosis  (13,  14.  17, 23), 

At  the  cad  of  an  aperiment.  cells  were  harvested  from  5  idoilics! 
cuiitae  wells  and  collected  in  15  tni  ecistrifiige  tubo  «nd  centrifuged 
at  3000  g  for  3  mk  Tbe  medium  was  removed  sod  the  pelki  odls 
were  rinsed  wiih  IX  PBS.  Cdla  were  lysed  is  ice  cold  bomogeniaijM 
bufftr  [20  mM  PIPES  (pH  7.fiX  I  mM  EDTA,  2  mM  ECTA.  ImM 
DTT.  05  awM  PMSF,  50  pgW  UupeptiA,  ar^  10  pgiW  each  of 
AEBSF.  apMiai^  p^etaihv  TLCK  tad  TTOC)  fer  30  min.,  aod 
shared  iKrough  I  i.O  ml  ayriitge  tvith  a  25  gauge  needle  15  times. 
Pposon  RBteai  in  the  ampka  wii  mayed  by  ihc  Micro  BCA  owthod 
(Pierec,  ftocktord,  IL,  USA),  For  prueic  ekevoptetesia.  equal 
ammiaa  of  loul  protein  (30  pg)  were  prepared  in  (vro  fold  loading  . 
buffa  cMuauifli  0.25  M  Trii  (p7»  8),  02  M  DTT.  1%  SDS.  0.02%  f 
Bfomophawl  Blue,  and  20%  glyceftel,  and  bested  at  95  •C  for  10  min.  \ 
Samplca  were  tesolved  in  a  vertical  elcetropharesia  chamber  ustag  a 
4%  sLaeluag  gel  ever  a  7%  acrylnmide  resolving  gel  for  I  hour  a( 
200V.  For  inununobleltini.  leparnied  proteiaa  were  latereUy  treAS* 
fened  to  aiuoeeiluloae  membriMS  (0.45  pM)  uemg  a  (larufcr  buffer 
coM.Wiog  of  0.192  M  glycmc  and  0025  M  Tfti  (pH  U)  witb  10% 
Rtethaeol  at  ■  constani  voltage  (100  V)  for  I  hour  at  4  B»to  wrere 
blocked  ovenighf  m  5%  iwv-fai  milk  in  20  mM  Tria.  O.IS  MT^aO, 
and  0.005%  Twecn>20  at  4  *C.  CeomasMc  blue  and  Paoccau  red 
(Stgna.  $1.  Leula,  MO)  wm  used  to  sUin  gels  and  nitracdluloae 
membiina  (reipectmly)  to  confirm  ibat  equal  anvunta  of  preiein 
were  loaded  in  each  lane. 

Imsumoblots  woe  prokd  with  an  arul-e-apecirh»  monoclonal  an-  * 
ubody  (AiTniti  Research  Produoa,  UK;  catalogue  ft:  FC  6090.  elone  ^ 
AA6}  that  dacsts  itKact  wrepecuin  (280  kDa)  and  750.  145.  aad  120 

^BDPs.  The  (54  kOi  jlBDF  has  hoot  reported  lo  be  ■  ipa:irii 
cleavage  pntdua  produced  by  either  calpain  or  caspese  proteaset  (13, 
25).  Hovrever.  the  145  kDa  |B0F  is  a  speaftc  proteolytic  fiagrocfii 
of  calpain  (14.  23).  In  addiiion.  the  120  kDa  ^BDP  is  reported  lo  be 
a  ipeafic  pruteelytie  fragment  of  caapaieO  aeiivaiion  (25-27).  FoK 
lowing  iacutaauon  with  the  phmaiy  amibody  (1:4000)  for  2  hours  at 
room  lonpcrsiurc,  the  blois  were  ineubeted  in  peroaidaic<on)Bgiied 
theep  aati-frouse  (gC  for  I  hour  (1 :]  0.000).  Enhanced  chemlluminea- 
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Fit  1.  fluomccu)  dMc«uie{FDA)  idO  prapklMn  (P))«ttflia| 
cultures  undersoini  necfOiis. 

(A)  C.oniml  culftira-  hSo(£  n«rrn»)  tenul  suudure  m  Ok  cells  Ihsi  Ukc 
Mp  KOA  (?r«n  Auoretoeficc)  inC  the  Lack  of  ?l  upake.  Within  30 
miti.  sfttT  incutaiioti  «riih  O.i  aM  of  maiKKojiin,  N  wu  akeo  by 
c*H>  (B)  PI  upukc  wu  even  more  ippireiu  2  bom  allcr  in;ury  la 
sOdiijan.  Mciei  suinoj  vKiih  P|  sppcveO  imillcr  Ml  owre  uniformly 
round  {Q,  Cetli  lutecd  with  FDA  were  iwolki  by  30  mm.  after 
maiiOUisia  ircaonent.  and  fewer  living  uHs  were  o6*m«d  2  hours 
sAtf  ireaimenL  (Seale  Oir  •  lopm) 


or  formjiion  of  spopmiic  boriiM  chsncterislic  of  ipopr- 
lotic  nuclear  phenotypes. 

3.  D^A  Fragmematioft.  Condcnsatiorr  and  aggre¬ 
gation  of  chromaiifl  at  ihe  nuclear  membrane  may  occur 
independently  of  endonuclease  activation  (44),  Thus,  a 
DNA  fragmentation  assay  was  used  to  assess  whether 
the  absence  of  an  apoptoiic  response  to  mailotoxin  in 
septo- hippocampal  cultures,  indicated  by  Hoechsl  33258 
siaining,  could  have  still  been  associated  with  endonu¬ 
clease  activity.  Fig.  4  shows  the  characrerisdc  panem  of 


aucJeosomal  staed  (-180  bp)  DNA  ladckring  following 
exposure  of  srpto-hippocampal  ceils  to  0.5  \xM  suuros- 
porine,  a  classic  index  of  apoptosis  (17).  In  contmt, 
there  was  no  evidence  of  DNA  ladders  from  15  min.  to 
5  hours  following  maitotoxir.  trearment  (Fig.  4). 

4.  Maiiotoxin  induces  Necrosis  in  Both  Neurons 
and  Asiroglia.  To  dissociate  the  type  of  cell  (i.e.,  as¬ 
troglial  vs.  neuronal)  committed  to  death,  cultures  were 
stained  with  Hoechst  33258  and  GFAP  (for  asttocytes) 
or  MAP-2  and  NeuN  (for  neurons).  One  hour  following 
majtoioxm  ireatmenu  there  was  a  substantial  reduction 
in  neurons  identified  by  MAP-2  and  NcuN  immuno- 
reactiviiy  (Fig.  5A  vs.  C).  In  contrast  to  normal  appear- 
ing  Hoechst  staining  in  control  neurons  (Fig.  5B), 
neurons  with  residual  MAP-2  and  NeuN  immunoreac- 
riviiy  showed  Hoechst  staining  profiles  charaaeristic  of 
neerodc  cell  death  (Fig.  5D).  Maitotoxin  treatment  also 
produced  astrogiial  cell  death  in  injury  (Fig.  6A  vs.  C). 
Compared  to  normal  Hoeehst  staining  in  untreated  cul¬ 
tures  (Fig,  6B),  astroglia  treated  with  maitotoxin  also 
showed  Hoechst  suining  profiles  characteristic  of  rvecro- 
SI5  (Fig.  6D). 


//,  Calpain  But  Not  Caspast-J  Proteolysis  of  a- 
Spectrin 

In  addition  to  causing  necrosis,  exposure  to  0.1  nM 
maitotoxin  caused  a  rime  dependent  proteolysis  of  neu¬ 
ronal  a-spcctrin  by  calpain  but  not  caspase-S  proteases 
(Fig  7).  By  30  min.  following  maitotoxin  admtnistra- 
lion,  there  was  an  increase  in  both  150  kDa  and  calpam 
specific  145  kDa  breakdown  products  to  a-speettin.  By 
I  hour  after  maitotoxin  treatment,  there  was  a  further 
increase  in  uHe  accumulation  of  calpain  specific  145  IcDa 
breakdown  products  to  a-spectrin.  In  contrast,  there  was 
no  evidence  of  accumulation  of  caspase-3-spccific  120 
klh  breakdown  product  at  30  min.  or  1  hour  after  mai- 
totoxin  treatment. 

Hi.  Effects  of  Colpinh'll,  Z-I3-DCB  or  Cyciohaimide 
on  Cell  Death  end  aSpeclrin  Proteolysis 

To  investigate  the  relanve  contributory  elTects  of  t 
calpain  and/or  caspase-like  proteases  lo  maifotoxin-in- 
duced  cell  death  and  a-spectrin  proteolysis,  the  eftect  of 
a  calpain  inhibitor  (CaJplnb-ll)  or  a  pan  caspase  inhibitor 
(Z-D-DCB)  was  examined.  The  co-adminislrition  of 
Calplnh-Il  and  Z-D-DCB  was  also  investigated.  Since 
de  novo  protein  synthesis  is  required  for  at  leaa  some 
fomis  of  apoptosis  and  specifically  for  suurosporine-in- 
duced  apoptosis  in  septo-hippocampa!  cultures,  the  ef- 
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staurosporine  maitotoxin 
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'**''***'**®"‘**  ef  DNA  praduced  by 

Muronx>hRe  bui  M  Tiuitoioxin  in  trpii>tkippocaffip«l  c«l|  cuhum. 
0. 1  nM  rrojioioim  did  noi  praduce  ONA  bddcnng  on  aimnc  |eit  m 
15  jniB,.  1  hour.  }  hoon  of  5  houn  roi(o*inf  'trcatmaw.  However. 
PNA  Uddennt  i*  nrtiaWy  produced  by  0.5  iiM  sUuroHMnnc  Aom  6 
to  72  howl  foDownj  UcalmcM. 


suurosporine-induced  apoptosis  in  sepohippocampal 
cell  cultures  (17)  and  other  cultures  systems,  cyclohex' 
rmide  had  tio  elTcct  on  P|  uptake  30  min.  following  niai‘ 
toioxin  rreaiment  (Fig.  8). 

One  hour  following  maiioioxin  administration,  the 
percentage  of  celli  stained  for  PI  increased  to  60.7%. 
Adm/iustration  of  Calplnh-ll.  Z-D-DCB  or  Calplnh^ 
H+Z-D-DCB  significantly  reduced  ihe  percentage  of 
cell  staining  for  PI  to  23.0%.  49,3%  and  20.0%,  respec¬ 
tively  (Fig,  8).  Again.  Z-D-DCB  producea  significantly 
less  protection  against  PI  uptake  than  CalpInh-11  (p  i 
0.001,  and  CalpJnh-ll+Z-D-DCB  produced  protection 
of  a  magnitude  similar  to  that  observed  with  administra¬ 
tion  of  Colplnh-ll  alone.  Cyclohcximide  had  no  effect 
ort  PI  uptake  I  hour  following  maitoioxin  treatment. 

Z.  o-i^ernn  ProUolysis.  Administration  of 
Calplnh-U  during  30  min,  of  maitoioxin  trearment  com¬ 
pletely  abolished  the  accumulation  of  150  kDa  and 
calpain-specific  145  kDa  breakdown  products  to  a-spec- 
trin  (Fig.  7).  In  contrast,  neiihcr  Z-D-DCB  nor  cyclo- 
hcximidc  provided  any  prelection  against  proteolysis  of 
a -spectrin  30  min.  follouAng  maitoioxin  treatment.  In 
fact,  there  was  a  tendency,  most  pronounced  in  cultures 


treated  with  Z-D-DCB,  to  show  increased  accumulaLon 
of  breakdown  products  compared  with  maitoioxin  cul¬ 
tures  created  with  no  inhibitor.  Similarly.  1  hour  follow¬ 
ing  maitoioxin  treatment,  CalpInh-II  completely  blocked 
the  fomtation  of  !50  kDa  and  calpain-spccific  145  kDa 
breakdown  products  to  o-spectrin  (Fig.  7).  Z-D-DCB 
and  eycloheximide  had  no  cfTeci  on  accumulation  of 
these  breakdown  products,  saggesting  that  the  150  kDa 
fragment  was  indeed  derived  from  calpain.  The  results 
of  these  experiments  confirm  that  the  admlntsrration  of 
Calplnh-H  employed  in  these  studies  blocked  calpain  but 
not  caspase  proteolysis  following  maitoioxin  treatment 
in  primary  scpio-hippocampal  cultures,  fiinhcr  confirm¬ 
ing  (hat  maiiotoxm-induced  necmtic  eel!  death  is  related 
to  cal|»in  but  not  caspase  activation 


DISCUSSION 

This  study  is  the  first  demonstraijon  that  maitoioxin 
induces  activation  of  calpain  but  not  caspase-3  proteases 
associated  exclusively  with  necrotic  cell  death  in  neu¬ 
rons  and  astroglia.  The  absence  of  any  evidence  of  apop- 
tottc  celt  death  is  notable  since  maitoioxin  can  evoke  a 
number  of  calcium-dependetii  eellular  processes  such  as 
phospholipase  C  activaiion  (31,  46, 47)  and  arachidonic 
acid  release  (47)  which  could  contribute  to  membrane 
lipid  peroxidation  (48)  and  potentially  promote  a  cas¬ 
cade  of  events  that  culminates  an  apoptoric  cell  death. 
Moreover,  our  failure  to  detect  caspase-3  activarion  fol¬ 
lowing  maitoioxin  treatmerd  is  in  accord  with  studies 
suggesting  that  caspases  are  activated  only  in  apcpiosis 
but  not  in  necrosis  (25,  29). 


Moitotaxin  Induces  Celpaia  but  not  Casparr-3 
Proteolysis  of  a-Spectrin  During  tiecroiic  Cell  Death 

Recent  research  on  proteolytic  mechanisms  of  ne¬ 
crotic  and  apoptotic  cell  death  has  focused  on  identifi¬ 
cation  of  key  substrates  cleaved  during  different  cell 
death  programs.  Although  calpain  mediated  cleavage  of 
a-spcctrin  has  been  well  documented  in  previous  snxlies 
of  necrotic  cell  death  (36,  49.  50),  it  has  only  recently  * 
been  recogtuzed  that  cleavage  of  a-spectrin  occurs  dur¬ 
ing  apoptosis  induced  by  numerous  sumuli  (13-17,  25. 
51).  Cleavage  ofcytoskeletal  proteins  such  as  a-spectrin 
may  contribute  to  non-specific  cellular  disintegration  char¬ 
acteristic  of  necrosis.  During  apoptoGzs,  cleavage  of  cyl^ 
skeletal  protein,  such  as  a-spectrin  may  contribute  to 
characteristic  changes  including  cell  shrinkage,  membrane 
blebbing  and  could  alter  cell  signaling  systems.  (24), 
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WesKm  blwi  were  employed  to  enmine  pnHeoJysii  of  a-tpec.rtrt  loio 
IJO  kD«,  calpKit  specftc  145  kf)*  and  easpav  J.ipectftc  120  kDa 
breakdewa  prauucii.  Increued  occumuUtioa  of  I  SO  kOa  and  1 45  kDa 
bfcakdowa  ptoducii  to  a-spectnn  wu  kcd  30  wflifles  followini  rwi. 

Iwaiment  at  con-rod  lo  umreaied  roniroJt.  By  I  hou;  fel- 
lovriai  mauotoam  rreatmem,  mercaacd  procctaing  of  the  150  kf>i 
band  to  eaJpain-^cctlW  1 45  kte  breakdows  prodaesi  was  eevryed. 
A^nwwicHi  of  ealpinh-])  (37  J  >iM)  but  km  r-O-DCB  (30  pM)  or 
cycroftotimide  (I  Mt/mt).  cempietety  Mocked  calpain-medittad  pr^ 
toolyiit  of  a-apecirin.  There  *as  ito  evidente  of  caspate  3  tnedured 
pfMcotysit  of  ft^pectfin  to  120  kOa  breakdown  proditoti 


Hoechst  33258,  absence  of  DNA  fngmenution  pro- 
(hiccd  by  endonocicase  activation  and  the  failure  of  in¬ 
hibition  of  protein  synthesis  to  reduce  cell  death 


Tip  L  (nhibitton  of  prop:di>CR  iodfde  upuke  by  Ca(p!rJ>-I2  and  Z-D* 
OCB  but  rxM  by  cyclohoirnide 

MiitoCoam-iAduced  uptake  of  pcepi'dium  iodide  was  annuaied  by 
Ci1p)itb.tl  and  Z'D-DCB.  but  DOt  cyclohcximide,  ti  30  min.  and  J 
Sou/  foJiowing  maiiotoiiA  bpwner.i,  Calploh-K  admtniflniion  did  noi 
provide  oon^kte  protaction  agairvai  uptake  of  propidiurn  iodide,  and 
tigniAcantly  leia  pnxecrion  wa  provided  by  adnuaiumion  of  Z-D- 
OCB.  AdmiBiarraiion  of  Catplnh-ll-rZ-t>-[>C6«  provided  no  bettor 
proieoiofl  than  idminitniion  of  Calolnh-d  alone. 

•Compared  to  media  control*  tO.l  tiM  Maiioioxin).  S  0.05:  **“p 

s  o.oo: 

*Comp4«d  to  Calptnh-ir.  Up  S  0  05:  •Wp  S  O-OOt 
tCompared  to  Z-O-DCB.  Vp  S  0  05:  TTtp  i  0.001 
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Diffusion  Magnetic  Resonance  Imaging  Study  of  a  Rat 
Hippocampal  Slice  Model  for  Acute  Brain  Injury 
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Summary:  Diffusion  magnetic  resonance  imaging  (MRI)  pro¬ 
vides  a  surrogate  marker  of  acute  brain  pathology,  yet  few 
studies  have  resolved  the  evolution  of  water  diffusion  changes 
during  the  first  8  hours  after  acute  injury,  a  critical  period  for 
therapeutic  intervention.  To  characterize  this  early  period,  this 
study  used  a  17.6-T  wide-bore  magnet  to  measure  multicom¬ 
ponent  water  diffusion  at  high  /)-values  (7  to  8.080  .s/mm")  for 
rat  hippocampal  slices  at  baseline  and  serially  for  8  hours  after 
treatment  with  the  calcium  ionophore  A23I87.  The  mean  fast 
diffusing  water  fraction  progressively  decreased  for 

slices  treated  with  10-p.mol/l,  A2.3f87  {-20.9  ±  6.3%  at  8 
hours).  Slices  treated  with  .‘iO-p.mol/l,  A23187  had  significantly 
reduced  80  minutes  earlier  than  slices  treated  with  10- 


p,mol/L  A23187  (P  <  0.05).  but  otherwise,  the  two  doses  had 
equivalent  effects  on  the  diffusion  properties  of  ti.s.sue  water. 
Correlative  histologic  analysis  showed  dose-related  selective 
vulnerability  of  hippocampal  pyramidal  neurons  (CAl  >  CA3) 
to  pathologic  swelling  induced  by  A23187,  confirming  that 
particular  intravoxel  cell  populations  may  contribute  dispropor¬ 
tionately  to  water  diffusion  changes  observed  by  MRI  after 
acute  brain  injury.  These  data  suggest  diffusion-weighted  im¬ 
ages  at  high  /z-valucs  and  the  diffusion  parameter  Ff^..,  may  be 
highly  sensitive  correlates  of  cell  swelling  in  nervous  issue 
after  acute  injury.  Key  Words:  Calcium — Neurotoxicity — Cell 
death — A23 1 87 — Multicomponent  diffusion. 


Many  neiiroproteciive  strategies  have  proven  success¬ 
ful  for  treating  anintal  tnodcls  of  ischemic  stroke  and 
traumatic  brain  injury,  yet  have  failed  to  improve  clinical 
outcome  in  human  patients  during  clinical  trials  (Faden, 
2001).  The  frequent  disappointments  in  these  studies 
have  often  been  attributed,  in  part,  to  defects  in  clinical 
trial  design  wherein  studies  fail  to  rapidly  assess  and 
stratify  potential  subjects  based  on  the  severity,  location, 
and  complexity  of  their  acute  brain  injuries  (Faden, 
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2001).  Appropriate  subject  selection  is  particularly  im¬ 
portant  because  brain  injury  patients  represent  a  far  more 
heterogeneous  population  compared  to  their  correspond¬ 
ing  animal  models  of  disease  (Statler  et  al.,  2001).  To 
address  this  problem,  it  has  recently  proven  beneficial  to 
incorporate  diffusion-weighted  tnagnetic  resonance  im¬ 
aging  (MRI)  into  clinical  trials  (Wimach,  2(X)1)  because 
of  its  .sensitivity  to  changes  in  nervous-tis.suc  water  dif¬ 
fusion  that  occur  immediately  after  injury  (Moseley  et 
al.,  1990).  Diffusion-weighted  MRI  of  stroke  patients, 
for  example,  aids  recognition  of  the  “perfusion-diffusion 
mismatch,”  which  identifies  penumbral  volumes  of  ner¬ 
vous  tissue  that  may  be  rescued  from  subsequent  injury 
by  prompt  infusion  of  tissue  plasminogen  activator 
(Warach,  2002). 

An  itnproved  understanding  of  water  diffusion  in  ner¬ 
vous  tissue  and  the  acute  water-diffusion  changes  that 
follow  injury  may  further  increase  the  sensitivity  and 
specificity  of  diffusion-weighted  MRI  as  a  surrogate 
marker  of  acute  brain  injury.  Unfortunately,  previous 
clinical  diffusion  MRI  studies  have  provided  limited  data 
from  the  first  24  hours  after  ischemic  or  Iraumalic  brain 
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injury  (for  example,  Beaulieu  et  al.,  1999).  Although  this 
information  has  proven  useful  for  understanding  the 
ehronie  progression  of  diffusion  changes  after  brain  in¬ 
jury,  it  is  well  beyond  the  optimal  therapeutic  windows 
when  experimental  interventions  are  most  likely  to  suc¬ 
ceed  (Marler  et  al.,  2000).  Thus,  .studies  that  better  re¬ 
solve  the  acute  temporal  progression  of  diffusion 
changes  after  brain  injury  are  needed  to  provide  im¬ 
proved  patient  stratification  based  on  injury  severity  and 
to  monitor  the  effects  of  therapeutic  interventions  early 
after  brain  injury. 

Unlike  previous  clinical  studies  of  acute  brain  injury, 
recent  studies  have  demonstrated  that  diffusion-weighted 
signal  attenuation  is  nonmonoexponenlial  in  rat  (Nien- 
dorf  et  al.,  1996)  and  human  brains  (Mulkem  el  al., 
1999)  when  measured  with  very  strong  diffusion- 
sensitizing  gradients  (high  b-values).  As  a  first  approxi¬ 
mation,  a  biexponential  function  may  be  used  to  describe 
water  diffusion  in  nervous  tissue  by  separating  the  MRI 
signal  into  contributions  from  fast  and  slow  diffusing 
components.  Shifts  between  these  two  components  may 
correlate  with  changes  in  the  relative  size  of  the  intra¬ 
cellular  compartment  (Niendorf  et  al.,  1996;  Thelwall  et 
al.,  2002).  Although  the  biexponential  model  is  an  in¬ 
complete  description  of  ti.ssue  water  diffusion,  it  is  more 
appropriate  than  the  monoexponential  fits  currently  em¬ 
ployed  clinically. 

Continuous  acquisition  of  water  diffusion  data  for 
multicomponent  analysis  throughout  the  first  8  hours  af¬ 
ter  an  acute  brain  injury  would  prove  extremely  difficult 
in  human  or  animal  subjects  because  of  their  limited 
tolerance  for  long  imaging  times,  and  because  high  h- 
value  diffusion  weighting  is  difficult  to  obtain  on  rela¬ 
tively  large  subjects  owing  to  current  hardware  limita¬ 
tions.  Thus,  to  further  inve.stigate  the  value  of  diffusion 
MRI  as  a  surrogate  marker  of  acute  brain  injury,  we 
measured  water  diffusion  in  perfused  rat  hippocampal 
slices  using  a  17.6-T  magnet  with  strong  diffusion- 
sensitizing  gradients  (1,000  mT/m).  Unlike  human  and 
animal  subjects,  rat  hippocampal  slices  tolerate  long  pe¬ 
riods  of  investigation  yet  maintain  the  heterogeneous 
neuronal  and  glial  cell  populations  (Aitken  et  al..  1995) 
that  determine  in  vivo  MRI  contrast.  Furthermore,  stud¬ 
ies  of  hippocampal  slices  are  not  confounded  by  anes¬ 
thesia  or  movement  and  perfusion  artifacts  (Aitken  et  al., 
1995).  Previous  studies  have  used  diffusion-weighted 
MRI  of  rat  hippocampal  slices  (Blackband  et  al..  1997) 
and  have  shown  that  slices  perturbed  by  ouabain  and 
A'-methyl-D-asparlate  respond  similarly  (Buckley  et  al., 
1999;  Bui  et  al.,  1999)  to  the  same  perturbations  of  in 
vivo  rat  brain  (Benveniste  et  al.,  1992).  Also,  human 
brain  slices  have  water  diffusion  properties  compar¬ 
able  to  those  reported  for  human  patients  and  rat  brain 
slices,  improving  the  confidence  that  the  rat  hippocampal 


slices  are  a  valid  model  of  human  brain  tissue  (Shepherd 
et  al.,  2(X)3). 

In  the  present  study,  water  diffusion  was  monitored  in 
rat  hippocampal  slices  before  and  after  treatment  with 
different  doses  of  the  neurotoxin  A23187.  This  carbox¬ 
ylic  acid  calcium  ionophore  rapidly  diminishes  calcium 
gradients  across  cell  membranes  (Pressman,  1976)  as  is 
known  to  occur  in  vivo  after  ischemic  or  traumatic  injury 
(Choi  1988).  Previous  studies  have  shown  that  neuronal 
cultures  treated  with  high  doses  of  calcium  ionophorcs. 
.such  as  A23187,  experienced  rapid  loss  of  calcium  ho¬ 
meostasis  and  pathologic  cell  swelling  (Chan  et  al., 
1998;  Gwag  el  al.,  1999;  Takadera  and  Ohyashiki,  1997). 
We  hypothesized  that  this  cellular  response  would  be 
detectable  in  rat  hippocampal  slices  using  diffusion- 
weighted  MRI  and  correlative  histology.  Unlike  previous 
diffusion  studies  of  nervous  tissue  injury,  using  A23187 
allows  this  study  to  uniquely  evaluate  water-diffusion 
changes  after  calcium  overload  (Petersen  et  al.,  2000),  a 
downstream  integrating  event  in  many  forms  of  acute 
brain  injury  (e.g.,  ischemic  stroke  or  traumatic  brain  in¬ 
jury)  (Choi,  1988;  McIntosh  et  al.,  1998).  Results  of  this 
investigation  indicated  that  the  biexponential  diffusion 
parameter  F,,,s,  and  diffusion-weighted  MRI  at  high  h- 
values  provide  rapid  and  sensitive  measures  of  A23I87- 
induced  tissue  injury  that  are  correlated  with  neuronal 
cell  swelling  and  overt  histopathology  in  .selectively  vul¬ 
nerable  regions  of  the  rat  hippocampal  slice. 

MATERIALS  AND  METHODS 
Brain  slice  procurement 

The  University  of  Florida  Institutional  Animal  Care  and  Use 
Cominillee  approved  the  use  of  laboratory  animals  for  this 
study.  Rat  hippocampal  slice  procurement  has  been  described 
previously  (Aitken  et  al.,  1995).  Briefly,  male  Uong-Evans  rats 
(250  to  350  g)  were  anesthetized  with  isoflurane  and  decapi¬ 
tated.  The  brain  was  removed  and  placed  into  ice-cold  artificial 
cerebrospinal  fluid  (aCSF)  ( 1 20-mmol/L  NaCl,  3-mmol/L  KCl, 
10-mmol/L  glucose,  26-mmol/L  NaHCO,,  2-mmol/L  CaCl2. 
1.5-mmol/L  KH.POj,  and  1.4-mmol/L  MgSOj)  gassed  with 
95%  Ot  and  5%  COj  to  maintain  a  pH  of  7.4.  The  aCSF 
osmolality  was  3(X)  ±  I  mOsm/kg  as  determined  by  Osmetle  A 
freezing  point  depression  osmometer  (Precision  System, 
Natick.  MA„  U.S.A.).  Both  hippiKampi  were  di.ssecled  and  cut 
orthogonal  to  the  septohippocampal  axis  into  5(K)-p.m-thick 
sections  with  a  Mcllwain  ti.s.sue  chopper  within  10  minutes  of 
decapitation.  Hippocampal  slices  remained  immersed  in  ice- 
cold  aCSF  for  1  hour  after  decapitation  to  minimize  procure¬ 
ment-induced  ischemic  damage  (Newman  et  al.,  1992).  Slices 
then  were  wanned  gradually  to  room  temperature  (20‘’C)  for 
the  MRI  experiment  and  placed  into  a  multislice  perfusion 
chamber  (Shepherd  et  al.,  2tX)2). 

Slices  were  perfused  continuously  with  aCSF  (2  mL/min) 
while  the  |Tcrfusion  chamber  was  lowered  into  the  magnet  and 
during  pilot  image  acquisition.  Although  perfusion  was  discon¬ 
tinued  during  all  diffusion  measurements  (dc.scribcd  below), 
calculations  based  on  the  published  metabolic  rates  of  nervous 
ti.ssue  (Magislrelli,  1999)  indicate  that  the  typical  6-mg  hippo¬ 
campal  slice  consumes  less  than  0.2%  of  the  glucose  available 
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in  Ihe  perfusion  chamber  (containing  3.0  mL  aCSF)  during  a 
35-tninule  MRI  acquisition.  Further,  it  has  been  shown  previ¬ 
ously  that  intermittent  cessation  of  aCSF  flow  does  not  affect 
slice  viability  for  at  least  8  hours  after  slice  procurement  (Shep¬ 
herd  et  al.,  2002). 

UitTusion  MRI  of  rat  hippocampal  .slices 
All  MRI  data  were  obtained  at  room  temperature  using  a 
15-mm  birdcage  coil  interfaced  to  a  Brukcr  17.6-T  vertical 
wide-bore  magnet  and  console.  Pilot  multislice  axial,  sagittal, 
and  coronal  T,  and  diffusion-weighted  imaging  sequences  were 
used  to  locate  the  perfusion  chamber,  then  to  optimize  the 
positions  of  axial  magnetic  resonance-defined  slices  through 
the  center  of  the  500-p.m-thick  rat  hippocampal  slices.  Diffu¬ 
sion-weighted  images  were  acquired  using  a  pulsed  gradient 
.spin-echo  multislice  .sequence  with  a  diffusion  time  of  14  mil¬ 
liseconds  and  an  echo  time  of  30  milliseconds.  This  diffusion 
measurement  consisted  of  a  series  of  8  diffusion- weighted  im¬ 
ages  (128  X  64  matrix,  1.5-cm  field  of  view,  2-second  reixtti- 
tion,  30-millisecond  echo  time,  2  averages,  8  =  3  milliseconds, 
A  =  I.i  milli.scconds)  using  diffusion  gradients  aligned  per¬ 
pendicular  to  the  plane  of  the  MRI  images  in  linear  strength 
increments  from  0  to  940  mT/m.  This  resulted  in  8  diffusion- 
weighted  images  with  /?-values  between  7  and  8080  s/mni" 
(including  imaging  terms).  Image  slice  thickness  was  300  p.m 
with  117  X  234-p,m  in-plane  rc.solution  and  the  protocol  re¬ 
quired  34  minutes  for  completion.  Additional  pilot  images  were 
acquired  between  diffusion  measurements  to  monitor  for  slice 
movement  due  to  aCSF  perfusion;  data  from  hippocampal 
slices  that  moved  during  the  experiment  were  rejected  (n  =  1 ). 

Slice  perturbation  with  A23187 
Before  slice  procurement,  rat  hippocampal  slices  were  ran¬ 
domly  assigned  to  treatment  by  control  aCSF.  or  aCSF  con¬ 
taining  IO-p.mol/1- A23187  or  50-p,mol/L  A23I87.  Hippocam¬ 
pal  slices  were  exposed  to  higher  doses  of  A23I87  than 
previous  studies  in  neuronal  cultures  (Mattson  et  al.,  1991; 
Petersen  el  al.,  2000)  because  the  slice  model  was  composed  of 
high-density,  heterogeneous  cell  populations  studied  at  lower 
temperatures.  Dimethyl  sulfoxide  (DMSO)  was  required  to 
.solubilize  A23I87  in  aCSF,  so  control  aCSF  contained  0.1% 
DMSO.  The  additions  of  0.1%  DMSO  with  or  without  A23I87 
did  not  affect  the  pH  or  osmolality  of  the  aCSF  solution.  Pre¬ 
vious  studies  in  our  laboratories  suggest  that  0. 1  %  DMSO  does 
not  affect  calcium  movement  in  slices  as  indicated  by  the  ab¬ 
sence  of  calcium-mediated  calpain  activation  (Zhao  et  al.. 
1999).  Each  of  the  aCSF  treatment  .solutions  were  gassed  with 
95%  Oj  and  5%  CO,  throughout  the  experiment.  All  .slices 
were  perfused  with  standard  aCSF  during  pilot  scans  and  be¬ 
fore  initial  baseline  diffusion  measurements  were  acquired. 
Slices  then  were  perfused  with  the  a.ssigncd  treatment  aCSF  for 
20  minutes,  then  perfusion  was  .stopped  and  a  post-treatment 
diffusion  protocol  obtained.  Preliminary  studies  demonstrated 
that  an  initial  perfusion  duration  of  20  minutes  with  treatment 
aCSF  was  sufficient  for  perfusate  exchange.  A  cycle  consisting 
of  6  minutes  of  perfusion  with  the  assigned  treatment  aCSF 
followed  by  an  additional  diffusion  measurement  (34  minutes) 
was  repeated  .serially  until  12  hours  after  initial  brain  slice 
procurement  (each  complete  cycle  required  40  minutes). 

The  initial  treatment  period  for  slices  occurred  al  slightly 
different  limes  after  brain  slice  procurement  because  of  varia¬ 
tions  in  the  time  required  for  hippocampal  slice  placement  and 
pilot  MRI  scans  (mean  lime  delay  from  procurement  to  base¬ 
line  diffusion  measurement  was  3.1  ±  0.4  hours).  Therefore 
diffusion  data  from  rat  brain  slices  required  assignment  to  time- 
bins  for  statistical  comparisons.  The  baseline  diffusion  mea¬ 


surement  for  each  slice  was  assigned  to  0  minutes  and  subse¬ 
quent  data  were  assigned  to  lime  points  increasing  in  40-minuie 
increments.  Although  data  were  reassigned  to  time  points  rela¬ 
tive  to  the  initial  MRI  mea.surement,  diffusion  data  acquired 
more  than  12  hours  after  slice  procurement  were  excluded  from 
the  analysis. 

AnalysLs  of  difTu.sion  data 

To  analyze  changes  in  the  diffusion-weighted  signal  inten¬ 
sity  in  rat  hipptKampal  slices  after  treatment  with  the  various 
aCSF  .solutions,  a  region  of  interest  (ROI)  was  drawn  on  the 
images  to  enclose  the  entire  hippocampal  slice.  Previous  stud¬ 
ies  demonstrated  that  diffusion-weighted  water  signal  attenua¬ 
tion  in  rat  hippixtampal  slices  is  nonmonoexponential  at  high 
ft-values  (Buckley  el  al.,  1999).  A  biexponenlial  equation  (Eq, 

1 )  was  filled  to  the  diffusion- weighted  .signal  attenuation  in  the 
rat  hippocampal  slice  ROIs  using  the  Levcnberg-Marquandl 
nonlinear  least-squares  fitting  routine; 

S(/j)  =  S„[F,i.„exp(-/rD,,,,,)  +  (1  -  Fr„„)exp(-/?D,|..„)] 

where  S„  is  signal  intensity  without  diffusion  weighting,  is 
the  fraction  of  water  with  fast  apparent  diffusion  coefficient 
(ADC),  and  and  represent  the  ADCs  of  the  fast  and 
slow  diffusing  water  components,  respectively.  Observed 
changes  over  time  from  baseline  in  the  biexponenlial  param¬ 
eters  of  the  three  treatment  groups  (control,  10-p.niol/L 
A23187.  and  5()-p,mol/L  A23187)  were  compared  statistically 
using  a  two-way  repeated-measures  analysis  of  variance 
(ANOVA)  with  one  factor  repeated  (Sigma  Stat  2.03).  If  the 
ANOVA  lest  detected  a  statistically  significant  difference 
among  treatment  groups  al  a  particular  time  point,  a  Tukey 
multiple  comparisons  test  was  used  to  isolate  treatments  that 
differed  significantly  from  one  another.  Statistical  significance 
for  all  tests  was  defined  as  P  <  0.05. 

Histology  of  rat  hippocampal  slices 

Because  it  proved  difficult  to  consistently  reeover  rat  hippo¬ 
campal  slices  used  in  the  diffusion  MRI  experiments  for  .sub¬ 
sequent  study,  three  additional  rats  were  required  to  provide 
slices  for  histologic  correlation.  These  slices  experienced  the 
same  experimental  proecdurc  as  slices  used  in  the  diffusion 
MRI  measurements  and  al  12  hours  after  procurement,  the 
slices  were  gently  removed  from  the  perfusion  chambers  and 
immersion-fixed  with  4%  paraformaldehyde  in  phosphate- 
buffered  saline.  Some  slices  were  fixed  either  immediately  after 
procurement  or  before  perfusion  with  treatment  aCSF  (4  hours 
after  procurement)  to  serve  as  additional  controls.  In  addition, 
a  few  slices  that  were  recovered  after  the  MRI  experiments 
were  fixed  for  histologic  analyses  to  assess  whether  differences 
existed  for  slices  treated  in  Ihe  magnet  versus  slices  treated  in 
the  correlative  protocol. 

The  fixed  slices  were  embedded  in  paraffin  wax,  cut  into 
8-p.m-thick  sections,  mounted  onto  slides  and  .stained  with  he¬ 
matoxylin  and  eosin  (H&E).  Most  slices  were  sectioned  paral¬ 
lel  to  the  plane  of  the  slice  (orthogonal  to  the  septoiemporal 
axis  of  Ihe  rat  hippocampus),  but  in  some  slices,  .sections  were 
cut  perpendicular  to  the  plane  of  the  tissue  (cross  section). 
These  sections  were  used  to  determine  whether  cells  al  differ¬ 
ent  depths  from  the  tissue  surface  w'ere  affected  differently  by 
the  various  aCSF  treatment  solutions.  Superficial  and  central 
planar  .sections,  stained  with  H&E,  also  were  compared  to  as¬ 
sess  the  potential  variable  effects  of  tissue  depth  on  tissue  re- 
sixinse  to  A23I87  treatment. 

In  all  H&E-stained  sections,  morphologic  characteristics  of 
granule  and  pyramidal  neurons  from  the  dentate  gyrus.  CAl, 
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CA2,  and  CA3  fields  were  noted.  Nuclear  changes  such  as 
pyknolic  and  eosinophilic  nuclei,  karyorrhexis,  or  karyolysis 
were  noted.  The  cytoplasm  of  cells  was  observed  for  evidence 
of  eosinophilia,  microvacuolation,  and  loss  of  structure  or  frag¬ 
mentation.  Tlie  surrounding  neuropil,  in  such  regions  as  the 
stratum  radiatum,  were  also  inspected  for  vacuolization  and 
other  pathologic  changes.  These  features  were  compared  be¬ 
tween  the  slices  treated  with  control,  10-p,molA.  A23187,  or 
50-p,mol/L  A23187  aCSF  solutions  for  differences  in  injury- 
induced  cellular  morphology  and  pathology. 


RESULTS 

DilTusion-wcighted  MRI  of  rat  hippocampal  slice.s 

Twenty-nine  of  the  35  rat  hippocampal  slices  procured 
from  17  rats  were  included  for  the  diffusion  MRI  aspects 
of  this  investigation.  The  other  six  slices  were  rejected 
because  of  perfusion  chamber  flooding  (n  =  3).  suscep¬ 
tibility  artifacts  due  to  air  bubbles  in  the  perfusion  cham¬ 
ber  (n  =  2),  and  slice  movement  (n  =  1).  In  comparing 
the  three  treatment  groups,  there  were  no  significant  dif¬ 
ferences  for  the  post-procurement  time  when  the  first 
baseline  diffusion  measurements  were  obtained 
(ANOVA.  P  =  0.265)  or  for  the  time  when  slices  were 
subsequently  treated  (ANOVA,  P  =  0.393).  Mean  time 
to  treatment  for  all  slices  (3.8  ±  0.5  hours)  closely 
matched  the  time  when  correlative  rat  hippocampal 
slices  were  treated  outside  the  magnet  for  histology  stud¬ 
ies  (4  hours).  Diffusion  measurements  were  obtained  on 
all  29  slices  up  to  6  hours  after  treatment,  on  28  of  29 
slices  up  to  7.3  hours  after  treatment,  and  on  20  of  29 
slices  8  hours  after  treatment. 

Preliminary  high-resolution  diffusion-weighted  im¬ 
ages  were  obtained  of  rat  hippocampal  slices  to  deter¬ 
mine  achievable  signal-to-noi.se  ratio  (SNR)  and  spatial 
resolution  per  unit  time.  Sucb  images  (Fig.  1)  exhibited 
the  detailed  laminar  anatomy  of  the  hippocampus,  but 
required  long  acquisition  times  (4.5  hours  per  fo-valuc 
measurement)  without  sufficient  perfusion  to  maintain 
slice  viability  (Shepherd  et  al.,  2(X)2).  For  this  study, 
such  high  spatial  resolution  was  sacrificed  for  better  tem¬ 
poral  resolution  of  the  water-diffusion  changes  that  ac¬ 
company  slice  perturbation  with  A23187  (4.2  minutes 
per  /j-valuc  measurement).  In  Fig.  2,  the  lower-resolution 
images  show  the  signal  intensity  changes  that  occur  after 
treatment  with  IO-|jLmol/L  A23187.  Plotting  the  signal 
intensity  of  the  hippocampal  slice  ROl  versus  /?-value 
gave  nonmonoexponential  diffusion-weighted  signal  at¬ 
tenuation  curves.  Figure  3  shows  that  treatment  with  10- 
p.mol/L  A23187  caused  a  progressive  decrease  in  the 
rate  of  diffusion-weighted  signal  attenuation  over  the  8 
hours.  This  change  was  most  evident  at  /t-values  above 
40(X)  s/mm"  (see  box  B).  Similar  results  to  those  shown 
in  Figs.  2  and  3  were  also  observed  for  slices  treated  with 
50-tJLmol/L  A23187. 


FIG.  1.  A  diffusion-weighted  magnetic  resonance  image  with  59- 
(jm  in-plane  resolution  (A)  reveals  the  detailed  lamellar  anatomy 
of  a  500-pm-thick  rat  hippocampal  slice  cut  perpendicular  to  the 
septotemporal  axis  (MRI  scan  parameters;  repetition  time/echo 
time  =  2.000/34  milliseconds,  b  =  3,630  s/mm^,  matrix  =  256  x 
256,  field  of  view  =  15  x  15  mm,  slice  thickness  =  300  pm, 
averages  =  32,  time  =  4.5  hours).  As  illustrated  in  panel  B,  many 
anatomical  regions  of  the  hippocampus  and  dentate  gyrus  can  be 
distinguished  in  this  sample  based  on  differences  in  diffusion- 
weighted  signal  intensity  (s,  stratum). 


Bicxponcntial  analy.si.s  of  diffusion  in  hippocampal 
slices  treated  with  A23187 
The  diffusion-weighted  signal  attenuation  curves  of 
rat  hippocampal  slices  (Fig.  3)  were  well  de.scribed  by 
the  biexponential  function  (Eq.  I )  (/?"  >  0.99).  The  bi¬ 
exponential-derived  diffusion  parameters  for  all  29  rat 
hippocampal  slices  before  treatment  (mean  ±  SD)  were 
0.60 1  ±  0.057  for  Ff^„,  1.14  +  0.14x10-’  mm’/s  for 
and  0.067  ±  0.010  x  10"’  mm’/s  for  Dsiow  The.se  values 
were  comparable  to  previous  reports  of  water  diffusion 
in  rat  hippocampal  slices  (Buckley  et  al.,  1999;  Bui  et  al., 
1999;  Shepherd  et  al.,  2002)  and  were  qualitatively  simi¬ 
lar  to  biexponential  diffusion  parameters  reported  for  in 
vivo  human  brain  (Mulkem  et  al.,  1999).  There  were 
small  yet  statistically  significant  differences  in  the  base¬ 
line  biexponential  parameters  Ff^,.,  and  for  slices 
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FIG.  2.  Typical  diffusion-weighted  images  (b  =  7,977  s/mm^)  of 
rat  hippocampal  slices.  Panels  A  and  B  show  a  control  rat  hip¬ 
pocampal  slice  before  and  after  8  hours  of  treatment  with  0.1% 
DMSO  vehicle,  respectively.  Panels  C  and  D  show  a  different 
slice  before  and  8  hours  after  treatment  with  10-pmol/L  A23187, 
respectively  (the  latex  spacer  of  the  perfusion  chamber  Is  visible 
in  these  two  images).  At  this  b-value,  signal  intensity  in  the 
A23187-treated  slice  increased  42%  whereas  the  vehicle-treated 
slice  signal  intensity  increased  6%  over  8  hours. 

assigned  to  the  three  different  aCSF  treatment  groups 
(Table  1).  Possible  explanations  for  these  differences  are 
addressed  in  the  Discussion. 

The  biexponential  water  diffusion  parameters  for  con¬ 
trol  slices  before  and  immediately  after  treatment  with 
aCSF  containing  0.1%  DMSO  were  not  statistically  dif¬ 


ferent  (ANOVA,  P  >  0.05).  The  mean  Ff^,,  of  DMSO- 
treated  slices  decreased  stepwise  by  approximately  5% 
only  9  hours  after  procurement.  This  change,  although 
not  statistically  significant,  represented  a  trend  present 
in  the  data  from  most  individual  slices.  For  the  three 
treatment  groups,  there  were  statistically  significant  in¬ 
teractions  between  time  and  treatment  in  the  change 
from  baseline  for  the  diffusion  parameter  Ff^^,  (ANOVA, 
P  <0.001),  but  not  for  Df,,„  (P  =  0.945)  or  D,,.,^  (P  = 
0.870).  Figure  4  depicts  the  mean  percentage  change 
from  baseline  in  the  biexponential  parameters  F, for 
slices  treated  with  aCSF  containing  0.1%  DMSO,  10- 
p.mol/L  A23187,  and  50-p,mol/L  A23187.  Compared  to 
vehicle-treated  slices,  the  percentage  change  in  the  frac¬ 
tion  of  fast  diffusing  water  (Ff^,,,)  for  slices  treated  with 
50-p.mol/L  A23187  was  significantly  different  for  all 
time  points  after  ba.seline  (Tukey,  P  <0.05).  Changes 
from  baseline  for  slices  treated  with  10-p.mol/L  A23187 
were  significantly  different  than  vehicle-treated  slices  for 
all  time  points  after  80  minutes  (Tukey,  P  <  0.05).  Al¬ 
though  the  dose  of  A23187  (10  or  50  pimol/L)  predicted 
when  the  Ff„„,  diffusion  parameter  of  A23187-treated 
slices  would  first  differ  statistically  from  vehicle-treated 
slices,  at  no  time  point  were  data  from  the  10-p.mol/L  or 
50-p,mol/L  A23187-treated  slices  statistically  distinct 
from  each  other. 

Histology  of  A23187-induced  pathologic  cell  swelling 
Correlative  H&E  histology  of  the  rat  hippocampal 
slices  exhibited  clear  dose-related  differences  in  particu¬ 
lar  hippocampal  regions  (Fig.  5).  In  rat  hippocampal 
slices  treated  with  A23187,  susceptible  neurons  typically 
manifested  pathologic  change  by  intense  microvacuola- 
tion  of  the  neuronal  perikaryon  and  stranded,  slightly 


FIG.  3.  Typical  semllog  plot  showing 
temporal  changes  in  the  diffusion- 
weighted  signal  attenuation  curves 
for  a  rat  hippocampal  slice  treated 
with  10-pmol/L  A23187.  Each  point 
represents  the  log  signal  intensity  for 
the  slice  ROI  in  a  diffusion-weighted 
image  normalized  to  the  signal  inten¬ 
sity  of  the  first  image  (b  =  7  s/mm^). 
Although  diffusion  data  were  col¬ 
lected  every  40  minutes,  only  alter¬ 
nating  data  from  baseline  (0  minutes), 
80,  160,  240,  320,  and  400  minutes 
are  shown  for  clarity.  Comparison  of 
boxes  labeled  A  and  B  illustrates  that 
the  signal  intensity  changes  after 
A23187  treatment  are  better  resolved 
at  higher  b-values  given  sufficient  sig- 
nal-to-noise.  The  arrow  indicates  ap¬ 
proximately  where  data  from  Fig.  2  (b 
=  7,977  s/mm^)  would  be  plotted  in 
the  signal-attenuation  curve. 
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TABLE  1.  Baseline  diffusion  characteristics  for  rat  hippocampal  slices  in  each  of  the  three  treatment  groups 


Group 

0.1%  DM.SO 

lO-M-mol/L  A2.1I87 

.50-(tmol/L  A2.1187 

P  (ANOVA) 

Tolal/mean 

Fi.,.1 

0.560  ±  O.tMO* 

0.617  ±0.070 

0.62.1  ±  0.017* 

0.025 

0.601  ±0.057 

(x  10  ''  inmV«) 

1.08  ±0.11 

1.I9±0.I7 

I.I6±0.12 

0.216 

I.I4±0.14 

(X  F>"’  ninP/s) 

0.060  ±  0.(X)6* 

0.071  ±0.012* 

0.067  ±  0.008 

0.045 

0.067  ±0.0 10 

Data  arc  mean  ±  SD. 

*  Groups  that  were  statistically  different  from  one  another  as  determined  post-ANOVA  by  a  Tukey  multiple  comparisons  test  (/’  <  O.OS). 
DMSO,  dimethyl  sulfoxide.  ANOVA,  analysis  of  variance,  F,;,,,,  fast  diffusing  water  fraction.  fast  apparent  diffusion  coefficient,  D,|„„.  slow 
apparent  diffusion  coefficient. 


pyknotic  nuclei.  These  features  are  typical  oncotic 
changes  that  frequently  lead  to  the  appearance  of  ne¬ 
crotic  cells  at  later  time  points  than  observable  for  this 
study  (Majno  and  Joris,  1995).  The  described  cellular 
changes  were  most  prominent  in  aspects  of  the  CA I  cell 
band  (CA  I  a),  but  also  present  in  the  ends  of  the  CA3  cell 
band  (CA3a  and  CA3c)  and  the  granule  cell  layer  in  the 
internal  blade  of  the  dentate  gyrus.  The  changes  were 
more  severe  in  slices  treated  with  aCSF  containing  50- 
p.mol/L  A23I87  than  slices  treated  with  IO-p,mol/L 
A23I87.  Other  regions  of  the  hippocampus,  such  as 
CA2.  appeared  relatively  unaffected  by  A23I87,  al¬ 
though  the  neuropil  surrounding  the  affected  pyramidal 
and  granule  cells  did  exhibit  some  staining  pallor  and 
vacuolation  as  well  (Fig.  5). 

Similar  to  previous  studies  (Newman  et  al.,  1992), 
comparison  of  H&E-stained  cross  sections  and  planar 
sections  from  different  depths  in  the  hippocampal  slices 
did  not  suggest  different  reactions  to  A23l87-treatmcnt 
based  on  tissue  depth.  Additional  control  slices  taken 
shortly  after  .slice  procurement  (al  30  minutes  after  rat 
decapitation)  and  before  perfusion  with  aCSF  treatment 
solutions  (at  4  hours  after  procurement)  did  not  show 
differences  from  hippocampal  specimens  obtained  by  in¬ 
tracardiac  perfusion  of  normal  rats  with  4%  paraformal¬ 
dehyde  except  for  some  minor  pathology  of  the  internal 

time  (min) 

0  100  200  :X}0  400  50t) 


fraction  of  fast  diffusing  water  in  rat  hippocampal  slices  treated 
with  aCSF  containing  0.1%  DMSO  vehicle  (A;  n  =  9),  10-pmol/L 
A23187  (□;  n  =  10)  or  50-pmol/L  A23187  (•;  n  =  10)  (mean  ± 
SEM).  At  early  time  points,  slices  treated  with  50-pmol/L  A23187 
statistically  differed  from  vehicle-treated  slices  (#)  whereas  at 
later  time  points  slices  treated  with  either  1 0-pmol/L  or  50-pmol/L 
A23187  differed  from  vehicle-treated  slices  (*)  (P  <  0.05). 


blade  of  the  dentate  gyrus  (see  Discussion).  The  histo¬ 
logic  appearance  of  the  few  slices  recovered  from  the 
diffusion  MRI  studies  also  did  not  differ  from  correlative 
slices  with  the  same  aCSF  treatment  assignment  (data 
not  shown). 


DISCUSSION 

Pyramidal  neurons  and  granule  cells  in  rat  hippocam¬ 
pal  slices  treated  with  A23I87  showed  substantial  cyto¬ 
plasmic  microvacuolation  indicative  of  pathologic  cell 
swelling.  The  neuropil  apposed  to  such  damaged  neurons 
also  appeared  vacuolated.  The  neuronal  pathology  after 
A23I87  treatment  resembles  etu'ly  i.schemic  cell  changes 
(Brierley  et  al.,  1973)  and  electron  micro.scopy  studies 
have  correlated  such  microvacuolation  with  mitochon¬ 
drial  swelling  (Auer  and  Benvenistc,  1997).  Although 
pathologic  oncotic  swelling  is  clearly  evident,  it  is  diffi¬ 
cult  to  determine  whether  some  neurons  ruptured  during 
the  experiment  because  cellular  membranes  rendered  un¬ 
stable  by  A23187  treatment  might  also  rupture  on  fixa¬ 
tion  (Auer  et  al.,  1985).  These  findings  concur  with  pre¬ 
vious  descriptions  of  pathologic  swelling  in  cultured 
neurons  treated  with  the  calcium  ionophorcs  ionomycin 
or  A23187  (Takadera  and  Ohyashiki,  1997;  Chan  et  al., 
1998;  Gwag  el  al.,  1999)  and  are  appropriate  to  the 
mechanisms  of  A23 1 87  toxicity.  A23 1 87  initiates  a  rapid 
intracellular  calcium  overload  in  the  neuropil  that 
spreads  to  the  neuronal  perikaryon  at  higher  doses 
(Gwag  et  al.,  1999).  This  calcium  overload  then  pro¬ 
vokes  mitochondrial  permeability  transition  pore  forma¬ 
tion  and  pathologic  cell  swelling  (Petersen  et  al.,  2000). 

Unlike  previous  neuronal  cell  culture  studies  (Chan  et 
al.,  1998;  Petersen  et  al.,  2000),  A23I87  treatment  did 
not  affect  all  neurons  in  the  hippocampal  slices  equally. 
This  anatomically  selective  pattern  of  pathology  in  slices 
after  A23I87  treatment  reproduces  the  selective  vulner¬ 
ability  of  the  CAI  and  CA3  hippocampal  regions  to  ische¬ 
mic  and  traumatic  injuries  (Kotapka  et  al.,  1994).  .Selec¬ 
tive  vulnerability  of  the  hippocampus  has  been  attributed 
to  differences  in  A-methyl-D-aspartate  receptor  distribu¬ 
tions  (Monaghan  and  Colman,  1985),  yet  A23187  ini¬ 
tially  bypas.sc.s  neurotransmitter-receptor  interactions  by 
increasing  calcium  concentrations  inside  the  cell.  This 
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FIG.  5.  Correlative  histology  of  rat  hippo¬ 
campal  slices  8  hours  after  treatment  with 
DMSO  vehicle  (A-D),  10-pmol/L  A23187 
(E-  H).  and  50-pmol/L  A23187  (H.)  A23187 
had  dose-related  effects  on  the  CA1  sub¬ 
field,  CA3  subfield,  stratum  radiatum,  and  in¬ 
ternal  blade  of  the  dentate  gyrus.  Arrows  il¬ 
lustrate  cells  ruptured  from  pathologic 
swelling  and  arrowheads  denote  artifact 
from  paraffin  wax  embedding.  Sections  (8- 
pm  thick)  were  stained  with  hematoxylin  and 
eosin  and  are  shown  at  630x  magnification 
with  oil  immersion. 
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suggests  there  may  be  differences  in  intracellular  cal¬ 
cium-dependent  enzyme  cascades  that  contribute  to  se¬ 
lective  vulnerability  in  the  rat  hippocampal  slice.  Pathol¬ 
ogy  in  the  granule  cell  layer  differed  from  previous 
reports  of  perturbation-induced  granule  cell  injury  (Auer 
et  al.,  1985)  and  suggests  metabolic  injury  occurring  dur¬ 
ing  procurement  may  increase  the  vulnerability  of  this 
particular  hippocampal  region  to  A23187  (Newman  et 
al.,  1992). 

Vulnerable  regions  of  the  rat  hippocampal  slices  also 
showed  dose-related  differences  in  the  magnitude  of 
pathological  cell  swelling  induced  by  A23187  (see  Fig. 
5).  These  dose-related  histopathologic  differences  were 
difficult  to  distinguish  with  the  diffusion  MRI  measure¬ 
ments  using  the  whole-slice  ROI  method  because  regions 
affected  by  A23 1 87  in  a  do.se-relatcd  fashion  were  vol¬ 
ume-averaged  with  relatively  unaffected  regions.  How¬ 
ever,  dose-related  differences  were  noted  after  A23I87 
treatment  when  the  F|^„,  of  slices  became  statistically 
distinct  from  control  slices.  With  cither  A23I87  dose, 
the  F|.,,j,  for  slices  was  reduced  7%  to  10%  from  base¬ 
line  during  the  first  2  hours  after  treatment,  but  it  then 
took  an  additional  6  hours  of  A23 1 87  treatment  to  double 
this  reduction. 

The  biophysical  interpretation  of  Ff^^,  reductions  ob- 
.served  in  rat  hippocampal  slices  treated  with  A23 1 87  is 
not  trivial  because  the  biexponential  model  of  water  dif¬ 
fusion  in  nervous  tissue  is  too  simplistic.  Although  the 
fast  and  slow  diffusing  components  of  water  diffusion 
can  not  be  directly  attributed  to  the  extracellular  and 
intracellular  compartments  respectively,  studies  have 
shown  that  changes  in  the  do  correlate  with  pertur¬ 
bation-induced  changes  in  the  relative  size  of  the  intra¬ 
cellular  compartment  (Niendorf  et  al.,  1996;  Thelwall  et 
al.,  2002).  There  are  several  additional  biophysical  prop¬ 
erties  of  nervous  tissue  that  affect  water  diffusion  and  are 
unaccounted  for  by  the  biexponential  model;  for  ex¬ 
ample,  transmembrane  water  exchange  rates,  intracellu¬ 


lar  re.striction,  and  extracellular  tortuosity  also  influence 
the  biexponential  diffusion  parameters  obtained  (includ¬ 
ing  f'la.st)  (Thelwall  et  al.,  2002).  When  neurons  are 
pathologically  injured  by  A23187  treatment,  these  addi¬ 
tional  biophysical  features  arc  also  likely  to  be  altered 
and  influence  the  biexponential  parameters  obtained. 
Given  sufficient  time  and  SNR,  future  studies  could  use 
more  complex  analytical  models,  such  as  the  one  devel¬ 
oped  by  Stanisz  et  al.  (1998),  to  better  describe  the  bio¬ 
physical  tissue  properties  of  hippocampal  slices  altered 
by  A23187-induced  pathologic  cell  swelling. 

Despite  these  limitations,  the  biexponential  model 
docs  provide  a  more  complete  description  of  nervous- 
tis.sue  water  diffusion  than  the  monoexponential  ADC 
fits  currently  in  clinical  u.se,  and  it  is  reasonable  to  cau¬ 
tiously  interpret  changes  in  Ff.,5,  to  correlate  with  changes 
in  the  relative  size  of  the  intracellular  compartment.  Pre¬ 
vious  clinical  .studies  have  shown  decrea.sed  ADC  in 
acute  ischemic  brain  followed  by  an  increase  in  ADC 
beyond  normal  values  several  days  later  (Beaulieu  et  al., 
1999).  These  diffusion  changes,  noted  in  animal  models 
of  both  ischemic  and  traumatic  injury,  may  be  due  to 
cellular  swelling  followed  by  lysis  (Assaf  et  al.,  1997; 
Knight  et  al.,  1994;  ).  Because  high  doses  of  A23187 
cau.sed  a  similar  yet  accelerated  pattern  of  cell  swelling 
and  lysis  in  neuronal  cultures  (Chan  et  al.,  1998;  Taka- 
dera  and  Ohyashiki,  1997),  a  biphasic  pattern  of  F,^,,, 
changes  was  hypothesized  to  be  observable  for  Ff^,,, 
within  the  time  span  of  this  expteriment  on  rat  hippocam¬ 
pal  slices  treated  with  A23I87.  Thus,  as  cells  swell,  Fp,,,., 
would  decrca.se,  but  then  as  cells  nipturc,  F,.,^,  would  be 
predicted  to  increase. 

Becau.se  potential  dose-related  differences  in  F,.,„ 
were  only  observable  during  the  first  80  minutes  after 
A23187  treatment,  the  results  of  this  study  might  suggest 
that  there  were  a  limited  number  of  A23 187-sensitive 
cell  populations  within  the  rat  hippocampal  slices.  At 
high  doses  of  A23I87,  these  cells  swell  more  quickly 
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(reducing  but  the  A23 187-sensitive  populations 
become  saturated  such  that  the  high  and  low  doses  of 
A23187  become  indistinguishable  at  later  time  points. 
However,  the  correlative  histology  suggests  that  more 
neurons  were  recruited  to  pathologic  .swelling  by  the 
higher  A23187  dose.  Thus,  a  better  explanation  may  be 
that  in  slices  treated  with  5()-|imol/L  A23187,  2  hours 
after  treatment  the  Ff.,,,  increases  due  to  lysis  in  the  ini¬ 
tially  injured  cell  population  may  have  been  obscured  by 
Ff3,,,  decreases  due  to  neurons  subsequently  reemited  to 
pathologic  cell  swelling.  Thus,  dose-related  differences 
in  A23 1 87  injury  may  be  obscured  at  later  time  points  by 
volume  averaging  of  not  only  healthy  and  injured  neu- 
ron.s,  but  also  by  volume  averaging  of  neurons  at  differ¬ 
ent  stages  of  cellular  injury  (swelling  and  lysis). 

Nonetheless,  this  study  shows  that  the  F,^„  diffusion 
parameter  may  be  used  as  a  sensitive  correlate  of  cellular 
swelling  after  acute  brain  injury  in  future  clinical  evalu¬ 
ations.  However,  compared  to  correlative  histology,  the 
diffusion  MRl  measurements  failed  to  observe  the  ap¬ 
pearance  of  substantial  dose-related,  region-specific 
pathologic  changes  in  the  rat  hippocampal  slices  because 
the  pre.scnt  MRl  analysis  did  not  examine  individual  ana¬ 
tomical  regions.  This  also  may  explain  the  failure  to 
observe  a  biphasic  Ff„^,  response  in  hippocampal  slices 
treated  with  the  higher  dose  of  A23187.  Because  the 
SNR  advantages  of  a  17.6-T  magnet  were  used  to  make 
water  diffusion  measurements  suitable  for  the  biexpo¬ 
nential  model  with  high  temporal  re.solution,  the  ROI 
volume  chosen  for  this  study  (2  mm’)  was  comparable  to 
typical  MRl  voxel  volumes  in  clinical  diffusion  studies 
(Beaulieu  et  al.,  1999).  As  .such,  this  study  highlights 
how  potential  variations  in  regional,  cell  subtype,  and 
dose-related  responses  to  acute  injury  may  pass  unob- 
.served  in  diffusion  measurements  that  sacrifice  spatial 
re.solution  to  obtain  adequate  signal-to-noise  ratios  in 
practical  scan  times,  particularly  when  correlative  tech¬ 
niques  are  not  used.  Clearly,  this  will  continue  to  be  a 
challenging  problem  clinically.  Previous  studies  in  hu¬ 
man  patients  also  have  suggested  that  ADC  changes  in 
ischemic  stroke  may  be  heterogeneous  and  might  rellect 
“different  temporal  rates  of  tissue  evolution  toward  in¬ 
farction”  (Nagesh  et  al..  1998). 

The  time  and  hardware  limitations  in  present  clinical 
imaging  protocols  make  it  difficult  to  collect  data  suffi¬ 
cient  even  for  biexponential  analysis  of  water  diffusion. 
Alternatively  the  diffusion  data  can  be  examined  without 
biexponential  analysis  by  simply  comparing  images  of 
slices  at  particular  diffusion  weightings  before  and  after 
A23187  exposure.  A23187  treatment  increa.sed  diffu¬ 
sion-weighted  signal  intensity  for  all  rat  hippocampal 
slices  treated  with  either  10-|i.mol/L  or  50-|xmol/L 
A23187,  and  these  changes  were  noted  at  all  nonzero 
/j-values.  In  Fig.  2,  for  example,  diffusion-weighted  slice 
signal  intensity  at  h  =  7,977  s/mm^  increased  42%  after 


8  hours  treatment  with  l()-|xmol/L  A23187.  Although  the 
SNR  is  decreased  at  higher  fc-values,  the  increases  in 
diffusion-weighted  signal  intensity  between  slice  MRl 
images  at  baseline  and  at  different  time  points  after 
A23 1 87  treatment  were  better  resolved  with  increasing 
/;-valuc  (for  example,  see  Fig.  3  boxes  A  and  B).  The.se 
results  support  previous  reports  that  suggested  stronger 
diffusion-weighting  (higher  (j- values)  may  increase  the 
ti.ssue  characterization  capabilities  of  diffusion-weighted 
MRl  in  human  patients  when  there  is  sufficient  contrast- 
to-noise  (Meyer  et  al.,  2000;  Sze  and  Anderson,  2000). 
This  may  be  becau.se  high  fe-value  diffusion-weighted 
signal  intensity  emphasizes  water  diffusion  in  the  intra- 
eellular  compartment  where  mo.st  of  the  initial  patholog¬ 
ic  injury  to  tissue  oceurs.  Future  .studies  will  be  required 
to  further  investigate  the  clinical  merits  of  high  fo-value 
diffusion-weighted  MRl. 

There  are  some  caveats  to  the  interpretation  of  the 
diffusion  MRl  data  presented.  The  comparison  of  ba.se- 
line  diffusion  parameters  for  slices  based  on  treatment 
group  assignment  (Table  I)  revealed  some  significant 
pretreatment  differences  in  the  diffusion  parameters  Ff^^ 
and  Procurement  conditions  were  unlikely  to  con¬ 
tribute  significantly  to  these  baseline  differences  because 
slices  were  procured  under  neuroprotective  hypothermic 
conditions  (.see  below).  Instead,  the  initial  diffusion  dif¬ 
ferences  may  be  attributed  to  differences  in  positioning 
the  MR  image  IcKation  within  the  hippocampal  tissue 
(sec  Materials  and  Methods).  The  undesired  inclusion  of 
aCSF  within  the  MRI-defincd  slice  can  increa.se  the 
amount  of  freely  diffusing  water  pre.scnt  in  the  slice  ROI, 
which  then  alters  the  biexponential  diffusion  parameters 
obtained.  The  study  design  controlled  for  such  pretreat¬ 
ment  differences  by  examining  change  in  water  diffusion 
in  individual  slices  from  baseline  after  treatment. 

Brain  slices  have  some  limitations  as  models  of  in  vivo 
nervous  tissue.  Rat  hippocampal  slices  were  procured  at 
low  temperatures  to  minimize  procurement-induced  in¬ 
jury  before  A23I87  treatment  (Newman  et  al.,  1992; 
Aitken  et  al.,  1995).  In  addition,  water  diffusion  changes 
were  measured  in  rat  hippocampal  slices  treated  with 
A23187  at  room  temperature  instead  of  37“C  becau.se 
this  simplifies  slice  perfusion-chamber  design  and  per¬ 
mits  hippocampal  slices  sufficiently  thick  (500  (xm)  for 
MRl  study  (Aitken  et  al.,  1995).  The  neuroprotective 
effects  of  hypothermia  suggest  that  the  measured  diffu¬ 
sion  responses  in  this  tissue  injury  model  may  underes¬ 
timate  the  responses  of  in  vivo  nervous  tissue.  In  addi¬ 
tion,  the  diffusion  coefficient  of  unrestricted  water  will 
increase  approximately  50%  when  heated  from  room 
temperature  to  37°C  (Harris  and  Woolf,  1980).  This  may 
limit  direct  extrapolation  of  the  data  presented;  however, 
the  study  focu.sed  on  relative  changes  that  should  be 
comparable  between  the  slice  model  and  in  vivo  subjects. 
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Despite  the  neuroprotective  etfeets  of  hypothermia, 
some  histopathology  was  notable  in  control  sliees  12 
hours  after  slice  procurement  (e.g.,  CAl  and  the  internal 
blade  of  the  granule  cell  layer).  Although  not  statistically 
significant,  there  also  was  a  5%  decrease  in  mean  for 
control  slices  at  the  conclusion  of  the  experiment.  Fur¬ 
ther,  the  conditions  under  which  brain  slice  experiments 
occur  (e.g.,  slice  procurement  and  intermittent  aCSF  per¬ 
fusion)  might  enhance  A23187-induced  tissue  injury 
(Newman  et  al.,  1992).  These  findings  indieate  that  brain 
slices  can  not  perfectly  model  healthy  and  pathologic  in 
vivo  nervous  tissue,  yet  over  the  duration  of  the  present 
experiment,  changes  to  control  slices  were  of  limited 
magnitude  compared  to  the  histopathology  and  water  dif¬ 
fusion  changes  due  to  pathologic  swelling  induced  by 
A23187  treatment.  Thus,  hippocampal  slices  provided  a 
workable  tissue  model  for  comparing  water  diffusion  in 
injured  and  viable  nervous  tissue.  Brain  slices  tolerate 
long  imaging  periods  in  very-high-field  magnets  that  en¬ 
able  data  collection  not  possible  in  current  clinical  scan¬ 
ners.  Thus,  brain  slice  methodology  will  remain  highly 
relevant  in  the  future  to  developing  a  better  understand¬ 
ing  of  the  biophysical  basis  for  water  diffusion  changes 
after  acute  brain  injury. 

CONCLUSION 

This  study  successfully  used  diffusion-weighted  MRI 
of  rat  hippocampal  slices  to  study  the  acute  temporal 
evolution  of  multicomponent  water-diffusion  changes  af¬ 
ter  A23 1 87  treatment.  Brain  slices  provided  a  stable  and 
highly  controllable  nervous  tissue  model.  Data  obtained 
from  this  model  of  acute  brain  injury  suggest  that  the 
biexponential  diffusion  parameter  F,^.,,  may  be  a  sensi¬ 
tive  correlate  of  cellular  swelling  in  nervous  tissue  and 
that  diffusion  changes  after  acute  brain  injury  may  be 
intravoxel  volume-averaged  summations  of  responses 
from  anatomically  or  temporally  distinct  healthy  and 
pathologically  injured  cell  populations.  The.se  results 
suggest  that  regional  analysis  of  A23 1 87-treated  hippo¬ 
campal  slices  may  improve  our  understanding  of  the 
unique  and  heterogeneous  morphologic  processes  that 
follow  acute  cellular  injury  and  contribute  to  improved 
clinical  measurements  of  diffusion  in  human  stroke  and 
traumatic  brain  injury  patients.  In  addition,  data  from  this 
study  concur  with  findings  of  previous  clinical  studies 
that  diffusion-weighted  images  at  high  /^-values  may  of¬ 
fer  improved  characterization  of  nonnal  and  pathologic 
nervous  tissue.  Future  perturbation  studies  of  rat  hippo¬ 
campal  slices  may  be  capable  of  reconciling  complex, 
data-intensive  mathematical  models  of  nervous-tissue 
water  diffusion  with  diffusion  MRI  data  obtained  from 
human  patients  with  acute  brain  injuries. 
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ABSTRACT 

Currently,  there  is  no  definitive  diagnostic  test  for  traumatic  brain  injury  (TBI)  to  help  physicians 
determine  the  .seriousness  of  injury  or  the  extent  of  cellular  pathology.  Calpain  cleaves  all-spectrin 
into  breakdown  products  (SBDP)  after  TBI  and  ischemia.  Mean  levels  of  both  ipsilateral  cortex  (IC) 
and  cerebral  spinal  fluid  (CSF)  SBDP  at  2,  6,  and  24  h  after  two  levels  of  controlled  cortical  impact 
(1.0  mm  and  1.6  mm  of  cortical  deformation)  in  rats  were  significantly  elevated  by  injury.  CSF  and 
IC  SBDP  levels  were  significantly  higher  after  severe  (1.6  mm)  injury  than  mild  (1.0  mm)  injury 
over  time.  The  correlation  between  CSF  SBDP  levels  and  lesion  size  from  T2-weighted  magnetic 
resonance  images  24  hours  after  TBI  as  well  as  correlation  of  tau  and  SlOO/3  was  assessed.  Mean 
levels  of  CSF  SBDP  (r  =  0.833)  and  tau  (r  =  0.693)  significantly  correlated  with  lesion  size  while 
levels  of  CSF  SlOO/3  did  not  (r  =  0.188).  Although  levels  of  CSF  and  IC  SBDP  and  lesion  size  are 
all  significantly  higher  after  1.6  mm  than  1.0  mm  injury,  the  correlation  between  CSF  SBDP  and 
lesion  size  was  not  significant  following  the  removal  of  controls  from  the  analysis.  This  indicates 
CSF  SBDP  is  a  reliable  marker  of  the  presence  or  absence  of  injury.  Furthermore,  larger  lesion 
sizes  24  h  after  TBI  were  negatively  correlated  with  motor  performance  on  days  1-5  after  TBI  (r  = 

—0.708).  Based  on  the.se  data,  evaluation  of  CSF  SBDP  levels  as  a  biomarker  of  TBI  is  warranted 
in  clinical  studies. 

Key  words:  biomarker;  CSF;  injury  magnitude;  lesion  size;  spectrin;  S 100/3;  tau  <•'  AU1 


INTRODUCTION 

The  DiFFicui.TY  of  diagnosis  and  prediction  of  out¬ 
come  after  acute  traumatic  brain  injury  (TBI)  is  as¬ 
sociated  witli  the  limitations  of  clinical  assessment  and 
neuroimaging  (Zink,  2001).  Sedatives  may  be  u.sed  to 
treat  patients  with  TBI  that  exhibit  confusion,  agitation, 
or  non-compliance  with  accompanying  increased  brain 


metabolism  (Mirski  et  al.,  1995).  Treatment  with  anti¬ 
convulsant  or  sedative  drugs  may  confound  information 
obtained  from  a  clinical  neuropsychological  examination 
(Mirski  et  al.,  1995).  Many  mild  head  trauma  patients  with 
a  Gla.sgow  Coma  Scale  (CCS)  between  13  and  15  may 
have  coincidental  intoxication  w'ith  drugs  and  alcohol  that 
may  also  confound  clinical  neuropsychological  examina¬ 
tions  (Kelly,  1995).  Head  injuries  may  also  be  overlooked 
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in  multi-trauma  patients  (Buduhan  and  McRitchie,  2(X)0). 
Clinical  indicators  may  not  predict  significant  intracra¬ 
nial  trauma  (Harad  and  Kerstcin,  1992).  Neurologic  dam¬ 
age  from  TBl.  stroke  or  perinatal  asphyxia  may  precede 
changes  .seen  by  modern  ncuroimagining  techniques.  Al¬ 
though  mild  traumatic  injury  may  cause  long  term  dis¬ 
abilities,  mild  trauma  may  not  be  seen  acutely  with  radi¬ 
ologic  or  magnetic  resonance  imaging  (MRI).  Computed 
tomography  (CT)  scanning  is  the  quickest  and  most  avail¬ 
able  neuroimaging,  yet  has  low  .sensitivity  for  diffuse 
brain  damage.  In  a  critical  care  patient,  cost,  availability, 
and  the  time  to  acquire  images  limits  use  of  the  more  sen¬ 
sitive  measures  of  MRI  and  single  photon  emission  CT 
scans.  .Single  photon  emission  CT  scans  detect  regional 
changes  of  blood  flow  but  not  necessarily  structural  dam¬ 
age.  Furthermore,  MRI  and  CT  often  do  not  predict  out¬ 
come  (Kido  et  al.,  1992;  Kurth  et  al.,  1994;  Wilson  et  al., 
1995;  Hanlon  et  al.  1999).  Thus  there  is  a  need  for  a  bio¬ 
chemical  marker  of  neuronal  injury  to  improve  diagnosis 
and  prediction  of  outcome  after  TBI. 

An  ideal  biomarker  would  incorporate  several  proper¬ 
ties.  A  good  biomarker  would  diagnose  neurologic  dam¬ 
age  before  neuro-radiographic  signs  are  evident.  A  bio¬ 
marker  of  acute  neuronal  injui^  would  provide  a  measure 
of  injury  magnitude  and  predict  neuropsychological  out¬ 
come.  The  biomarkcr  would  also  serve  as  an  indicator  of 
the  pathogenesis  of  cell  death  including  .secondary  cell 
death  and  indicate  a  target  for  treatment.  With  earlier 
recognition,  the  window  for  therapeutic  intervention 
could  be  extended.  Furthermore,  a  good  biomarker  would 
allow  for  longitudinal  monitoring  of  the  effectiveness  of 
therapy.  A  biomarker  with  these  characteristics  could  be 
used  as  a  surrogate  marker  and  lower  the  cost  of  clinical 
trials.  An  ideal  biomarker  should  also  be  specific  to  the 
central  nervous  system  and  provide  a  sensitive  and  spe¬ 
cific  te.st  of  neuronal  injury. 

Earlier  biomarkers  such  as  neuron-specific  cnolase, 
lactate  dehydrogenase,  or  creatine  kinase  are  not  been 
specific  to  the  CNS  and  failed  to  reflect  pathophysiol¬ 
ogy,  lesion  size  and  outcome  of  the  injury  further  rein¬ 
forcing  the  need  for  research  into  better  CNS  trauma  in¬ 
dicators  (Ingebrigtsen  and  Romner,  2002).  8100/3,  a  low 
molecular  weight  calcium-binding  protein  released  from 
astrocytes,  has  been  examined  in  numerous  TBI  studies. 
Serum  levels  of  S 1 00/3  have  been  correlated  with  contu¬ 
sion  volume  (Raabe  et  al,  1998;  Herrmann  et  al,  2000); 
injury  severity  (Herrmann  et  al.  20(X));  neuropsycholog¬ 
ical  dysfunction  (HciTmann  et  al,  2001);  GCS  on  ad¬ 
mission  (Elting  et  al,  2000);  and  outcome  measures  such 
as  the  Glasgow  Outcome  Score  (GOS)  (McKeating  et  al, 
1998;  Elting  et  al,  2000;  Jackson  et  al.  2000;  Raabe  and 
Seifert.  2000;  Rothoerl  et  al,  2000).  SI 00/3  appears  to 
be  a  valuable  indicator  of  brain  lesion  but  it  is  not  spe¬ 


cific  to  the  CNS.  Importantly  in  multitrauma  patients 
without  head  injuries,  SI 00/3  reached  high  .serum  levels 
after  bone  fractures  and  thoracic  contusion  (Anderson  et 
al,  2001).  Another  biomarker  that  is  being  examined  as 
an  indicator  of  brain  injury  is  tau  (Zemlan  et  al,  1999). 
Tau  is  a  microtubule  associated  protein  that  is  expressed 
predominantly  in  axon  of  neurons  and  implicated  in  mi¬ 
crotubule  stability,  axon  elongation  and  axon  transport 
(Garcia  and  Cleveland.  2001).  In  severe  TBI  patients,  in¬ 
creased  CSF  levels  of  cleaved  tau  were  found  to  be  sig¬ 
nificant  predictors  of  intracranial  pressure  and  GOS  at 
discharge  (Zemlan  et  al,  2(X)2),  but  in  recent  studies,  CSF 
total  tau  levels  did  not  correlate  with  GOS  in  patients 
with  severe  TBI  (Franz  et  al,  2003)  nor  did  senim 
cleaved  tau  levels  correlate  with  outcome  measures 
(Chatfield  et  al,  2002). 

«ll-spectin  in  the  CNS  is  primarily  localized  to  axons 
and  to  the  presynaptic  terminal  of  neurons  (Riederer  et 
al,  1986).  In  acute  neuronal  injury,  all-spectin,  a  cy- 
toskelctal  protein,  is  a  substrate  for  the  calcium  activated 
cy.steine  proteases,  calpain  (calpain-l  and  -2)  and  cas- 
pa.se-3.  After  acute  neuronal  injury,  calcium  influx  initi¬ 
ates  a  cytotoxic  cascade  of  proteases,  phospholipases,  ki- 
na.ses  and  phosphata.se.s  including  activation  of  calpain 
and  caspases  which  results  in  necrotic  and  apoptotic  cell 
death  respectively.  Calpain  and  caspasc-3  both  cleave  the 
28()-kDa  parent  band  of  all-spectrin  into  a  150-kDa 
breakdown  product  (SBDP150).  Calpain  and  ca.spase-3 
cleave  signature  breakdown  products  of  145  (SBDP145) 
and  120  kDa  (SBDP120),  respectively,  in  vivo  and  in 
vitro  (Nath  et  al,  1996;  Wang  et  al,  1998;  Wang,  2()(X)). 
Both  the  calpain-mediatcd  SBDP  145  and  SBDP  150  in¬ 
creased  acutely  in  the  injured  cortex  whereas  the  caspase- 
3  mediated  SBDP  120  was  ab.sent  in  an  unilateral  con¬ 
trolled  cortical  impact  (CCl)  model  of  TBI  (Pike  et  al, 
1998).  This  may  reflect  a  more  prominent  role  of  onco¬ 
sis  than  apoptosis  in  the  cortex  in  our  CCI  model. 

all-spectrin  breakdown  products  (SBDP)  have  been 
used  as  an  indicator  of  calpain  activity  in  models  of  TBI 
(Newcomb  et  al,  1997)  and  i.schemia  (Saido  et  al,  1993; 
Roberts-Lewis  et  al,  1994;  Bartus  el  al,  1998)  In  our 
laboratory,  levels  of  SBDP  have  recently  been  found  to 
increase  in  rat  CSF  after  experimental  controlled  cortical 
impact  TBI  (Pike  et  al,  2001 )  and  middle  cerebral  artery 
occlusion  (Pike  et  al,  2(X)4).  In  this  study  we  extend  this 
work  by  systematically  comparing  CSF  SBDP  to  their 
counterpart  in  injured  cortex,  to  injury  magnitude,  to  CSF 
tau  and  SI 00a  and  to  lesion  volume  (accessed  by  MRI). 
This  study  subjects  a  marker  of  CNS  injury  to  rigorous 
preclinical  examination.  Based  on  the  data  we  have  ob¬ 
tained,  we  propose  that  CSF  SBDP  levels  arc  a  promi.s- 
ing  biomarker  of  injury  and  further  study  is  warranted  in 
clinical  TBI. 
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MATERIALS  AND  METHODS 

Animals 

Three  groups  of  adult  male  (280-300  g)  Sprague-l)aw- 
Icy  rats  (Harlan;  Indianapolis,  IN)  were  used.  For  study 

1,  CSF  was  withdrawn  from  one  group  of  90  rats  that 
were  sacrificed  2.  6,  and  24  h  after  TBI.  At  each  time 
point  of  2,  6,  and  24  h.  9  rats  received  mild  (1.0  mm  of 
cortical  deformation)  injury,  9  rats  received  severe  (1.6 
mm  of  cortical  deformation)  injury,  8  rat.s  received  a  cran¬ 
iotomy  but  no  cortical  deformation  and  4  rats  remained 
naive  (no  craniotomy  or  cortical  deformation).  For  study 

2,  a  second  group  of  rats  were  sequentially  scanned  by 
MRl,  subjected  to  CSF  withdrawal,  and  were  sacrificed 
at  24  h  following  TBI.  Of  the  .second  group,  9  rats  each 
received  severe  ( 1 .6  mm)  injury,  mild  ( 1 .0  mm)  injury  or 
craniotomy  surgery  and  8  rats  remained  naive.  One  rat 
with  severe  injury  was  removed  from  the  study  because 
the  CSF  sample  contained  blood  that  could  potentially 
dilute  out  the  concentration  of  the  marker  in  the  CSF  and 
introduce  blood-born  markers.  For  study  3,  35  rats  were 
administered  a  rotarod  test  on  days  1-5  after  TBI  and 
scanned  by  MRl  at  24  h  and  28  days  after  TBI.  Of  the 
third  group  of  rats,  1 0  rats  each  received  severe  ( 1 .6  mm) 
injury,  mild  (1.0  mm)  injury  or  a  craniotomy,  and  5  rats 
remained  naive. 

Surgical  Preparation  and  Controlled  Cortical 
Impact  Traumatic  Brain  Injury 

As  previously  described  (Dixon  ct  al.,  1991;  Pike  et 
al.,  2001).  a  cortical  impact  injury  device  was  used  to 
produce  TBI.  Adult  male  rats  were  initially  anesthetized 
with  4%  i.soflurane  in  a  carrier  gas  of  1:1  O^/Nt  (4  min) 
followed  by  maintenance  anesthesia  of  2.5%  isoBurane 
in  the  same  carrier  gas.  Core  body  temperature  was  main¬ 
tained  at  37  ±  1°C  by  placing  an  adjustable  temperature 
controlled  heating  pad  beneath  the  rats.  Animals  were 
mounted  in  a  stereotactic  frame  in  a  prone  position  and 
secured  by  ear  and  incisor  bars.  A  midline  cranial  inci¬ 
sion  was  made,  the  soft  tissues  were  reflected  and  a  uni¬ 
lateral  (ipsilatcral  to  site  of  impact)  craniotomy  (7  mm 
diameter)  was  performed  adjacent  to  the  central  suture, 
midway  between  bregma  and  lambda.  The  dura  mater 
was  kept  intact  over  the  cortex.  Brain  trauma  in  rats  was 
produced  by  impacting  the  right  cortex  (ipsilatcral  cor¬ 
tex)  with  a  5  mm  diameter  aluminum  impactor  tip 
(housed  in  a  pneumatic  cylinder)  at  a  velocity  of  3.5 
m/sec  with  a  150-msec  dwell  time  (compression  dura¬ 
tion).  Compression  depth  was  set  at  1.0  mm  (mild),  or 
1.6  mm  (severe).  Velocity  was  controlled  by  adjusting 
the  pressure  (compressed  N2)  supplied  to  the  pneumatic 
cylinder.  Velocity  and  dwell  time  were  measured  by  a 


linear  velocity  displacement  transducer  (Lucas  .Shac- 
vitz'*'’’'  model  5(X)  HR;  Detroit,  Ml)  that  produces  an  ana¬ 
logue  signal  by  a  storage-trace  oscilloscope  (BK  Preci¬ 
sion,  model  2522B;  Placentia,  CA).  Animals  underwent 
identical  craniotomy  procedures  but  did  not  receive  cor¬ 
tical  compression.  Naive  rats  did  not  undergo  surgery  or 
injury.  Appropriate  pre-  and  post-injury  management  was 
maintained  to  insure  that  all  guidelines  set  forth  by  the 
University  of  Florida  Institutional  Animal  Care  and  Use 
Committee  and  the  National  Institutes  of  Health  guide¬ 
lines  detailed  in  the  Guide  for  the  Care  and  Use  of  Lab¬ 
oratory  Animals  were  complied  with. 

CSF  Withdrawal 

Under  anesthesia,  the  rat  was  secured  in  the  same 
stereotactic  frame  as  used  in  surgery.  The  neck  was  flexed 
to  optimize  exposure  of  the  atlanto-occipital  space.  A 
mid-line  incision  was  made  over  the  superficial  cervical 
muscles.  A  25-gauge  needle  attached  to  polyethylene  tub¬ 
ing  was  inserted  into  the  atlanto-occipital  space  and  CSF 
was  gently  withdrawn.  CSF  was  immediately  spun  at 
9,()00g  for  5  min  at  4‘’C  to  remove  any  red  blood  cells 
from  the  cortical  impact  or  from  the  tap.  CSF  was  frozen 
at  — 8()°C  until  examined. 

Tissue  Lysis 

Cortical  tissues  were  collected  from  naive  animals  or 
at  2.  6,  and  24  h  after  craniotomy  or  TBI.  At  the  appro¬ 
priate  po.st-injury  time-points,  the  animals  were  anes¬ 
thetized  with  4%  isofiurane  in  a  carrier  gas  of  1 : 1  O2/N2O 
(4  min)  and  subsequently  sacrificed  by  decapitation.  Ip¬ 
silatcral  (to  the  impact  site)  cortex  samples  were  rapidly 
dissected  and  snap-frozen  in  liquid  nitrogen.  Tissue  sam¬ 
ples  were  stored  at  — 80°C  until  further  processing. 
Frozen  samples  were  thawed  and  homogenized  in  a  glass 
tube  with  a  Teflon  dounce  pestle  in  15  volumes  of  ice- 
cold  detergent-free  buffer  (50  mM  Tris-HCl,  pH  7.4,  1 
mM  EDTA,  2  mM  EGTA,  0.33  M  sucrose,  1  mM  DTT) 
containing  a  broad-range  protease  inhibitor  cocktail 
(Roche  Molecular  Biochemicals,  no.  1-836-145)  and  .son¬ 
icated.  Homogenized  samples  were  then  centrifuged  at 
90(X)g  for  5  min  at  4°C.  The  supernatant  was  stored  at 
— 80°C  until  immunoblot  analysis. 

Immunoblotting 

Prior  to  sodium  dodccyl  sulfate-polyacrylamide  gel 
electrophoresis  (SDS-PAGE),  protein  content  was  as¬ 
sayed  by  the  Micro  BCA  method  (Pierce,  Rockford,  IL) 
using  albumin  standards.  For  each  sample,  40  /ug  of  pro¬ 
tein  from  cortical  tissue  or  40  fj.g  of  protein  from  CSF 
samples  were  added  to  2  X  loading  buffer  containing  0.2 
M  Tris  (pH  6.8),  400  mM  2-mcrcapto-cthanol,  8%  SDS, 
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0.04%  Bromophenol  Blue,  and  40%  glycerol.  The 
amount  of  protein  for  CvSF  sample.s  wa.s  optimized  to 
identify  SBDP  after  both  mild  (1.0  mm)  and  .severe  (1.6 
mm)  injury.  The  optimal  amount  of  protein  to  see  the 
145/150  band  after  mild  injury  resulted  in  an  amount  of 
protein  after  severe  (1.6  mm)  injury  that  sometimes 
would  make  the  145  and  150  bands  indistinguishable. 
Semi-quantitation  by  densitometry  was  used  to  evaluate 
the  145-150-kDa  band  together  thus  the  blurring  of  the 
1 45/150  band  was  not  a  problem.  The  1 45-1 50-kDa  spec¬ 
trin  breakdown  prcxluct  represents  primarily  calpain  ini¬ 
tiated  cleavage  of  spectrin  in  our  model.  Consistent  with 
a  previous  report  that  CCI  in  our  laboratory  does  not  pro¬ 
duce  prominent  caspase-3  levels  (Pike  et  al.,  1998),  ca.s- 
pa.se-3-mediated  SBDP  1 20  was  inconsistent  after  .severe 
(1.6  mm)  injury  and  absent  after  mild  (1.0  mm)  injury 
and  was  not  analyzed  in  this  set  of  experiments.  Semi¬ 
quantitation  by  densitometry  evaluated  both  the  145-150- 
kDa  band  together  thus  the  blurring  was  not  a  problem. 
Samples  were  heated  at  96°C  for  10  min  and  then  cen¬ 
trifuged  for  I  min  at  lO.OOOg.  Samples  were  resolved  in 
a  vertical  electrophoresis  chamber  for  70  min  at  150  V. 
A  6.5%  percent  stacking  acrylamide  gel  or  a  4—20%  Tris- 
Glycine  gel  (Invitrogcn  Life  Technologies,  Carlsbad, 
CA)  were  used.  Separated  proteins  were  either  laterally 
transferred  as  a  wet  transfer  to  a  nitrocellulose  membrane 
(0.45  /iM)  using  a  transfer  buffer  consisting  of  glycine 
(192  mM)  and  tris  (25  mM),  (pH  8.3)  with  10%  methanol 
at  a  constant  voltage  of  lOOV  for  70  min  at  4°C  or  were 
horizontally  transferred  as  a  semi-dry  transfer  to  an  Im- 
mobilon-P  polyvinylidene  fluoride  (PVDF)  membrane 
(Millipore,  Bedford,  MA)  using  39  mM  glycine,  48  mM 
Tris,  and  5%  methanol  at  20  V  for  2  h  at  room  temper¬ 
ature.  All  gels  were  stained  with  coomassie  blue  to  con¬ 
firm  equal  loading  of  protein  on  the  gel.  Selected  blots 
were  also  stained  with  Panccau  red  (Sigma,  St.  Louis, 
MO)  to  confirm  transfer  and  that  equal  amounts  of  pro¬ 
tein  were  loaded  in  each  lane.  Blots  were  blocked  for  one 
hour  in  5%  non-fat  milk  in  TBST  (20  mM  Tris,  0. 15  M 
NaCI,  and  0.005%  Tween-20).  Following  overnight  in¬ 
cubation  with  the  primary  antibody,  anti-a-spectrin  mono¬ 
clonal  antibody  (1:1 0,000  dilution  for  cortex  and  1 :5,000 
dilution  for  CSF;  Affiniti  Research  Products,  UK)  and 
1%  non-fat  milk/TBST  at  4°C  temperature,  the  blots  were 
incubated  with  goat  anti-mouse  secondary  antibody 
(1:1000  for  cortex  and  1:5000  for  CSF;  Biorad)  and  3% 
non-fat  milk/TBST  for  1  h.  Blots  were  tlien  washed  for 
1  h  in  TBST.  Enhanced  chemiluminescence  reagents 
(ECL  and  ECL-Plus,  Amersham)  were  used  to  visualize 
immunolabeling  of  cortical  tissue  and  CSF,  respectively, 
and  developed  on  Kodak  BioMax  Light  Film  (Kodak). 
Semi-quantitative  evaluation  of  protein  levels  was  con¬ 
ducting  using  computer-assisted  one-dimensional  densit- 


omelric  scanning  (ImagcJ,  version  1 .29,  NIH).  Data  were 
acquired  as  integrated  densitometric  values  from  simi¬ 
larly  exposed  films. 

ELISA 

CSF  S1(X))3  levels  were  measured  using  a  rat  specific 
ELISA  kit.  Nexus  D,™  Rat  SI 00  Test  Kit  from  SynX 
(Toronto,  Ontario,  Canada)  and  CSF  tau  was  measured 
using  a  kit,lnnote.st™  hTau  Antigen  from  Innogenetics, 
Inc.  (Alpharetta,  GA).  The  sensitivities  of  the  S1(X))3  and 
tau  ELISA  kits  were  0.02  ng/niL  and  75  pg/mL.  respec¬ 
tively. 

Tl-WeiglitecI  Magnetic  Resonance  linaf’in}’ 

Animals  were  scanned  in  the  Advanced  Magnetic  Res¬ 
onance  Imaging  and  Spcctro.scopy  (AMRIS)  facility  lo¬ 
cated  in  the  McKnight  Brain  Institute  of  the  University 
of  Florida.  Animals  undergoing  these  imaging  sessions 
were  anesthetized  using  isofiurane  (maintenance  anes¬ 
thesia  of  1.5-2. 5%  isofiurane  in  1  L/min  100%  O2  con¬ 
tinuously  delivered  via  a  nose  cone).  Ophthalmic  lubri¬ 
cant  was  u.sed  to  prevent  drying  of  the  eyes  during 
anesthesia.  Anesthetized  rats  were  placed  on  a  custom 
Plexiglas  cradle  constructed  to  support  the  rat  comfort¬ 
ably  in  the  .supine  position.  Oxygen  saturation  was  mon¬ 
itored  using  a  pulse  oxymeter  positioned  on  the  left  hind 
limb.  Body  temperature  wxs  monitored  using  a  rectal 
fiouroptic  probe  and  maintained  using  warm  air.  A  4.7- 
Tesla  magnet  (Oxford  Instruments)  and  Bruker  Avance 
Console  (Bruker,  Germany)  and  a  cu.stom  built  3.3-cm 
(inner  diameter)  quadrature  birdcage  coil  were  used  for 
all  image  acquisitions.  T2-weighted  images  were  ac¬ 
quired  at  24  h  and  28  days  after  TBI.  Twelve  contiguous 
1.25-mm  coronal  slices  were  acquired  with  the  follow¬ 
ing  parameters:  a  field  of  view  =  3.6  X  3.6  cm%  repeti¬ 
tion  time  (TR)  =  2. 1  .seconds,  echo  time  (TE)  =  8 1  msec, 
matrix  =  256  X  256  points  per  dimension  (140  /zm  in 
plane).  Areas  of  hypo-intensity  on  MRl  were  asscKiated 
with  hemorrhage  or  mechanical  disruption  and  areas  of 
hyper-intensity  were  associated  with  edema  (Albensi  et 
al,  2000).  Lesion  size  was  drawn  using  ParaVision  Im¬ 
age  Analysis  tools  (Bruker,  Germany)  similar  to  the 
methodology  in  (Neumann-Haefelin  et  al,  20(X)).  The 
area  of  each  lesion  in  each  coronal  slice  was  multiplied 
by  the  slice  thickness  and  then  added  to  calculate  the  to¬ 
tal  lesion  size. 

Neurological  Functional  Evaluation 

Motor  behavior  was  a.ssessed  in  the  sub-acute  period 
after  TBI  by  a  blinded  observer  using  a  Rota-rod  (Ugo 
Basile,  Comerio,  Italy;  Hamm  et  al,  1994).  Rats  were 
placed  on  a  Rota-rod,  a  rotating  rod,  which  was  set  to 
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slowly  accelerate  from  4  to  40  rpm  within  5  min.  The 
Rota-rod  requires  the  rat  to  walk  a.s  the  revolving  rod  ac¬ 
celerates  and  maintain  balance.  The  trial  lasted  until  the 
rat  fell  off  and  tripped  a  plate  that  recorded  the  time  or 
until  the  rat  had  stayed  on  the  rod  for  300  sec  was  reached. 
Rats  underwent  conditioning  of  two  trials  a  day  for  three 
days  prior  to  TBI.  After  TBI,  the  rats  were  tested  for  two 
trials  a  day  on  days  1-5.  The  average  of  the  latency  in 
.seconds  of  the  two  trials  was  recorded. 

Statistical  Analysis 

Means  and  standard  errors  of  the  means  were  calcu¬ 
lated  from  individual  rat  densitometric  values  of  the 
145-150-kDa  SBDP  combined  as  one  value.  Two-way 
ANOVA  was  used  to  examine  main  effects  and  interac¬ 
tion  effects  of  time  and  injury  magnitude.  One-way 
ANOVA  with  contrast  to  do  pair-wise  comparisons  was 
used  to  determine  significance  between  levels  of  SBDP 
and  between  lesion  sizes  of  the  corresponding  experi¬ 
mental  groups.  Regression  analysis  was  performed  with 
lesion  size  as  the  outcome  variable  and  CSF  markers 
(SBDP,  tau,  SlOOa)  as  the  predictor  variable.  Pearson 
correlations  were  calculated  and  tested  using  the  asymp¬ 
totic  Z-test.  Correlations  were  calculated  in  the  individ¬ 
ual  animal  between  CSF  SBDP  levels  and  lesion  size. 
The  analysis  of  the  correlations  included  animals  in  all 
groups  (naive,  craniotomy,  1 .0  mm  and  1 .6  mm  injury) 
unless  stated  otherwise.  Repeated  measures  ANOVA  (4 
groups  X  5  time  points)  were  performed  to  determine  in¬ 
dividual  group  differences  over  the  five  time  points  on 
the  Rota-rod  test. 


RESULTS 

Injiiiy  Magnitude  Is  Associated  with  Increased 
Levels  of  SBDP  in  the  Cortex  and  CSF  after  TBI 

SBDP  were  measured  by  Western  blot  from  the  CSF 
and  ipsilateral  cortex  (IC)  at  2, 6,  and  24  h  after  two  mag¬ 
nitudes  of  TBI.  Naive  rats  and  rats  that  had  undergone 
a  craniotomy  served  as  controls  for  this  study.  The  two 
re.sponse  variables,  SBDP  in  the  CSI-  and  SBDP  in  the 
IC  were  analyzed  via  ANOVA  with  terms  for  injury 
magnitude,  time,  and  the  interaction  of  time  and  injury 
magnitude. 

The  results  indicated  there  was  no  interaction  effect 
(p  =  0.88)  or  time  effect  (p  =  0.12)  on  IC  SBDP  levels. 
The  analysis  also  indicated  that  injury  magnitude  signif¬ 
icantly  increased  the  level  of  cortical  SBDP  (p  s 
0.0001).  Mean  levels  of  IC  SBDP  after  severe  (1.6  mm) 
injury  were  significantly  higher  than  the  mean  levels  of 


1C  SBDP  after  mild  (1.0  mm)  injury  (/)  <  0.05).  Mean 
levels  of  IC  SBDP  after  both  .severe  (1.6  mm)  and  mild 
( 1 .0  mm)  injury  were  significantly  greater  than  mean  lev¬ 
els  of  SBDP  after  craniotomy  or  in  naive  controls  (j)  < 

().0(X)1 ).  Mean  levels  of  IC  SBDP  did  not  differ  between 
naive  and  after  craniotomy.  Repre.sentative  gels  show  that 
levels  of  SBDP  increased  with  injury  magnitude  in  the 
ipsilateral  cortex  and  the  CSF  (Fig.  1  A).  Levels  of  SBDP  FI 
(both  145  and  150  kDa  are  densitometrically  quantified 
together)  were  highest  after  1 .6-mm  injury  in  the  1C  and 
CSF  at  all  time  points  (Fig.  IB). 

After  .severe  ( 1 .6  mm)  injury,  the  mean  levels  of  IC 
SBDP  were  116.4  ±8.9,  135.9+14.1,  and  135.6  ± 

17.7  and  after  mild  (1.0  mm)  injury,  the  mean  levels  of 
IC  SBDP  reached  78.1  ±  9.9,  1 10.1  ±  19.4,  and  102.8  ± 

1 7.2  at  2, 6,  and  24  h,  respectively.  After  craniotomy,  the 
mean  levels  of  1C  SBDP  reached  22.6  ±  9.1,  40.9  ± 

18.2,  and  1 1.8  ±  4.6  at  2,  6,  and  24  h,  respectively.  In 
naive  rats,  the  mean  levels  of  1C  SBDP  were  4.4  ±  1.6, 

15.4  7.0,  and  4.4  ±  6.5  at  2,  6,  and  24  h,  respectively. 

There  was  no  interaction  effect  (p  =  0.39)  or  time  ef¬ 
fect  (p  =  0.13)  on  CSF  SBDP  levels.  The  analysis  also 
indicated  that  injury  magnitude  significantly  increased 
the  levels  of  CSF  SBDP  (p  <  0.0001).  Mean  levels  of 
CSF  SBDP  after  severe  (1.6  mm)  injury  were  signifi¬ 
cantly  higher  than  the  mean  levels  of  CSF  SBDP  after 
mild  (1.0  mm)  injury  (/;  =  0.0001).  Mean  levels  of  CSF 
SBDP  after  both  severe  (1.6  mm)  and  mild  (1.0  mm)  in¬ 
jury  were  significantly  greater  than  mean  levels  of  CSF 
SBDP  after  craniotomy  or  in  naive  controls  (/;  <  0.0001). 

Mean  levels  of  CSF  SBDP  did  not  differ  between  naive 
and  after  craniotomy. 

After  1 .6  mm  injury,  the  mean  levels  of  CSF  SBDP 
were  L53.4  ±  11.3,  1 14.4  ±  19.1,  and  91.2  ±  23.8  and 
after  1.0  mm  injury,  the  mean  CSF  SBDP  were  82.2  ± 

17.3,  71.4  ±  17.3,  and  64.3  ±  17.2  at  2,  6,  and  24  h,  re¬ 
spectively.  After  craniotomy,  the  mean  levels  of  CSF 
SBDP  reached  7.8  ±  2.7,  19.1  ±  6.0,  and  10.3  ±  5.3  at 
2,  6,  and  24  h.  respectively.  In  naive  rats,  the  mean  lev¬ 
els  of  CSF  SBDP  were  1.0  ±  0.7,  5.7  ±  3.4,  and  3.0  ± 

1.4  at  2,  6,  and  24  h,  respectively. 


CSF  extraction  to  measure  SBDP  and  T2-weighted 
imaging  to  measure  lesion  size  was  performed  in  the  same 
groups  of  rats  at  24  h  after  TBI.  Repre.sentative  T2- 
weighted  images  of  a  naive  rat  and  a  rat  24  h  after  cra¬ 
niotomy,  mild  (1.0  mm)  injury  and  severe  (1.6  mm)  in¬ 
jury  are  shown  in  Figure  2A.  Severe  (1.6  mm)  injury  F2 
resulted  in  disruption  of  normal  architecture  and  swelling 
of  the  ipsilateral  cortex  (arrow  in  Fig.  2A).  Less  disrup- 
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FKJ.  1.  Injury  magnilude  increases  levels  of  SBDP  in  the  ipsilaleral  cortex  (IC)  and  CSF.  (A)  A  representative  Western  blot 
of  nll-speclrin  and  SBDP  in  the  1C  (left)  and  CSF  (right)  at  24  and  2  h,  respectively,  after  TBI.  Samples  were  collected  after  se¬ 
vere  (1.6  mm)  injury,  mild  (1.0  mm)  injury,  sham-craniotomy  or  from  naive  rats.  Higher  levels  of  SBDP  are  seen  after  severe 
(1.6  mm)  injury  than  after  mild  (1.0)  injury.  Minimal  SBDP  is  seen  in  the  IC  or  CSF  of  naive  rats  or  after  sham-craniotomy  in 
rats.  (B)  SBDP  levels  (145-150-kDa  fragments)  in  the  IC  (left  panel)  and  CSF  (right  panel)  after  sham-craniotomy,  mild  (1.0 
mm)  injury  and  severe  (1.6  mm)  injury  at  2,  6,  and  24  h  were  quantified  using  computer-a.ssisted  densitometric  analysis  (Image), 
version  1.29X,  NIH,  USA).  Values  from  naive  animals  were  averaged  as  a  separate  time  point.  At  each  time  point  of  2,  6,  and 
24  h,  9  rats  received  severe  (1.6  mm)  injury.  9  rats  received  mild  (1.0  mm)  injury,  8  rats  received  a  sham-cra-niotomy  and  4  rats 
remained  naive.  An  ANOVA  was  performed  followed  by  contrast  with  pair-wise  comparisons.  Data  is  presented  as  the  mean 
plus  standard  error.  Standard  error  bars  on  the  shams  arc  present  but  not  easily  visablc.  Injuiy  magnitude  significantly  increased 
mean  levels  of  IC  and  CSF  SBDP  over  time  (p  <  O.O(X)l).  Mean  levels  of  SBDP  after  severe  (1.6  mm)  injury  were  .significantly 
higher  from  the  mean  levels  of  SBDP  after  mild  (1.0  mm)  injury  =  0.0001  and  V'  <  0.05.  respectively,  for  CSF  and  IC  lev¬ 
els  of  SBDP).  Mean  levels  of  IC  and  CSF  SBDP  after  both  severe  (1.6  mm)  and  mild  (1.0  mm)  injury  were  significantly  greater 
than  mean  levels  of  SBDP  after  sham-craniotomy  or  in  naive  controls  {**p  <  0.0001 ).  Mean  levels  of  CSF  and  IC  SBDP  did  not 
differ  between  naive  and  sham. 


FIG.  2.  1  -esion  size  on  T2  weighted  images  increases  with  injury  magnitude  24  h  after  TBI.  (A)  Representative  serial  T2- 

weighted  magnetic  resonance  images  of  a  naive  rat  and  a  rat  24  h  after  sham-craniotomy,  mild  (I.O  mm)  and  severe  (1.6  mm) 
injury  arc  shown.  Twelve  contiguous  coronal  1.25  mm  slices  were  acquired  with  the  following  parameters:  a  field  of  view  = 
.5.6  X  3.6  cm’,  repetition  time  (TR)  =  21(X)  sec,  echo  time  (TR)  =  81  msec,  matrix  =  256  X  256  points  per  dimension  (140  pm 
in  plane).  Four  of  the  12  coronal  slices  for  each  rat  arc  shown.  Severe  (1.6  mm)  injury  resulted  in  disruption  of  normal  archi¬ 
tecture  and  swelling  of  the  ipsilateral  cortex  (arrow).  Less  disruption  of  normal  architecture  is  noted  after  mild  (1.0  mm)  injury 
(arrowhead).  Sham-craniotomy  resulted  in  viuying  amounts  of  hyper-intensity  in  the  ipsilateral  cortex  (arrowhead).  (B)  Lesion 
size  was  drawn  using  ParaVision  Image  Analysis  tools  (Broker,  Germany)  similar  to  the  methodology  in  (Neumann-Haefelin  et 
al.,  2000).  The  area  of  each  lesion  in  each  coronal  slice  was  multiplied  by  the  slice  thickness  and  then  added  to  calculate  the  to¬ 
tal  lesion  size.  One-way  ANOVA  with  contrast  to  do  pair-wise  comparisons  was  used  to  determine  difference  between  lesion 
.sizes  of  the  treatment  groups.  Nine  rats  each  received  severe  (1.6  mm)  injury,  mild  (I.O  mm)  injuiy  or  sham  surgery  and  8  rats 
remained  naive.  The  lesion  after  severe  (1.6  mm)  injury  is  significantly  greater  than  the  lesion  size  after  mild  (1.0  mm)  injury 
(**/7  <  0.001)  and  both  are  significantly  greater  than  after  sham-craniotomy  C^p  S  O.OOI)  or  naive  animals  (**p  s  0.001)  .Sham 
injury  is  greater  than  the  absense  of  a  lesion  in  naive  animals  i^p  0.05). 
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tion  of  normal  architecture  is  noted  after  mild  (1.0  mm) 
injury  (arrowhead  in  Fig.  2A).  Craniotomy  resulted  in 
varying  amounts  of  hyper-intensity  in  the  ipsilaleral  cor¬ 
tex  (arrowhead  in  Fig.  2A).  Average  lesion  size  was  0.044 


cm-^  ±  0.000.‘58  after  craniotomy,  0. 1(X)  enr’  ±  0.010  af¬ 
ter  1.0  mm  injury,  and  0.166  cm’  ±  0.016  after  1.6  mm 
injury  (Fig.  2B).  Mean  lesion  size  was  significantly  dif¬ 
ferent  between  1.6  mm  and  I.O  mm  injury  groups  and 
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between  both  injury  groups  and  after  craniotomy  (p  s 
0.001;  Fig.  2B).  Mean  levels  of  CSF  SBDP  significantly 
correlated  with  lesion  size  (r  =  0.833,  p  <  0.000 1 )  when 
including  all  4  groups  (1.6  mm  and  1.0  mm  injury,  cra- 
F3  >  niotomy,  and  naive  rats)  (Fig.  3A).  This  correlation  was 
not  significant  if  craniotomy  and  sham  rats  were  not  con¬ 
sidered  in  the  analysis.  To  explore  the  ability  of  SBDP 
to  predict  lesion  size,  a  regression  analysis  was  run  with 
lesion  size  as  the  outcome  variable  and  CSF  SBDP  as  the 
predictor  variable  from  individual  rats  from  all  4  groups. 
The  regression  weight  for  CSF  SBDP  was  estimated  to 
be  1059.86,  and  the  parameter  estimate  of  the  intercept 
was  10.707.  The  regre.ssion  analysis  revealed  CSF  SBDP 
contributed  significantly  to  predicting  lesion  volume 
(/j  <  0.(X)01). 

Levels  of  CSF  tau  significantly  correlated  with  lesion 
size  (r  =  0.693,  p  <  0.0001 )  (Fig.  3B)  as  levels  of  CSF 
SI 00^  did  not  (r  =  0.188)  (Fig.  3C).  The  regression 


weight  for  CSF  tau  was  estimated  to  be  0.0(X)01258,  and 
the  parameter  estimate  of  the  intercept  was  0.03485.  CSF 
levels  of  tau  significantly  contributed  to  the  prediction  of 
lesion  volume  (/?<  0.0001).  Neither  CSF  tau  or  CSF 
SI  00)3  were  correlated  if  just  the  1.6-mm  and  1.0-mm  in¬ 
jured  rats  were  used  for  analysis. 

A  regression  analysis  was  performed  to  determine 
which  marker  or  combination  of  markers  (SBDP,  tau 
and  SI 00)3)  best  predicted  lesion  size.  A  full  regres¬ 
sion  model  indicated  the  only  significant  variable  was 
SBDP  (/7<  0.0001).  S100)3  was  eliminated  from  the 
model  and  the  regression  re-run  looking  at  SBDP  and 
tau  as  predictors  of  lesion  size.  CSF  SBDP  was  again 
the  only  significant  predictor  of  lesion  size(/>  <  0.0001). 
CSF  SBDP  and  CSF  tau  are  significantly  correlated 
(r  =  0.750,  p  <  0.0001)  and  CSF  SBDP  has  a  higher 
correlation  with  CSF  tau  than  CSF  tau’s  correlation  with 
lesion  size. 


FIG.  3.  The  relationship  of  levels  of  CSF  SBDP  and  tau  with  lesion  .size  24  h  after  TBI.  Regression  analysis  was  perfomied 
with  lesion  size  as  the  out-come  variable  and  levels  of  CSF  markers  (SBDP,  tau,  S1(X))3)  24  h  after  TBI  as  the  predictor  vari¬ 
able.  (A)  Levels  of  CSF  SBDP  correlate  with  lesion  .size  after  TBI  (r  =  0.83.  p  S  O.tXXll).  A  linear  regression  equation  showed 
that  CSF  SBDP  significantly  contributed  to  prediction  of  lesion  size  (p  £  0.0(X)1).  (B)  Levels  of  CSF  tau  correlate  with  lesion 
size  after  TBI  (r  =  0.690.  p  <  0.001).  A  linear  regression  equation  showed  that  CSF  tau  significantly  contributed  to  prediction 
of  lesion  size  (j)  s  O.(K)Ol).  The  correlation  with  CSF  SBDP  and  tau  was  not  significant  if  craniotomy  and  sham  rats  were  not 
considered  in  the  analysis.  (C)  Levels  of  CSF  SI(X))3  did  not  correlate  with  lesion  size  (r  =  0.188).  ■.  rats  after  1.6  mm  injury; 
♦,  rats  after  1.0  mm  injury.  *.  rats  after  sham-craniotomy;  A,  naive  rats. 
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Injury  Magnitude  Is  Associated  with  Decreased 
Performance  on  the  Rota-Rod  Test  and  Increased 
Lesion  Size 

Because  CSF  SBDP  correlated  with  lesion  size  at  24 
hours,  we  looked  at  the  relationship  between  lesion  size 
and  motor  performance.  Motor  performance  was  assessed 
in  the  same  (study  3)  rats  that  lesion  size  was  measured 
F4  !!>at  24  h  and  28  days  (Fig.  4A).  Similar  to  24  h,  at  28  days 
^  lesion  size  varied  with  injury  magnitude.  Lesion  size  at 
24  h  in  the  individual  animal  was  significantly  correlated 
with  lesion  size  at  28  days  (r  =  0.881,  p  <  0.0001).  As¬ 
sessment  of  Rota-rod  performance  prior  to  treatment  re¬ 
vealed  no  significant  differences  between  groups.  Injury 
magnitude  had  a  significant  effect  on  Rota-rod  perfor¬ 
mance  (p  <  0.0001).  Mean  Rota-rod  scores  were  signif¬ 
icantly  lower  after  L6-mm  injury  at  all  time  points  (1-5 
days  after  TBl)  compared  to  mild  (1.0  mm)  injury,  cra¬ 
niotomy,  or  naive  rats  (yt  <  0.05).  After  l.O-min  injury, 
mean  Rota-nxl  scores  were  significantly  lower  than  in 
naive  rats  (j)  <  0.01)  and  showed  a  trend  toward  being 
lower  than  after  craniotomy  (Fig.  4A).  Naive  rats  aver¬ 
aged  close  to  a  perfect  score  of  300  sec  at  all  time  points. 
Naive  rats  had  significantly  higher  .scores  than  rats  after 
craniotomy  (p  <  0.05).  Furthermore,  larger  lesion  sizes 
were  associated  with  decreased  performance  on  the  Rota- 
rod  (Fig.  4B).  In  the  individual  rat,  the  average  of  the  5 
days  of  Rota-rod  scores  correlated  negatively  with  lesion 
size  at  24  h  (/■  =  -0.708;  p  <  0.0001). 


DISCUSSION 


Factors  that  affect  brain  derived  protein  levels  in  the 
CSF  after  injury  have  not  been  extensively  explored  and 
are  likely  to  affect  the  variability  of  CSF  SBDP  levels 
and  coiTelations  with  CSF  SBDP.  Petzold  et  al.  (2(X)3) 
suggest  the  main  determinants  of  brain  tissue  proteins  in 
the  CSF  are  the  extent  of  the  primary  lesion,  the  total 
pathological  severity  causing  imbalance  of  brain  homc- 
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This  paper  examined  the  relationship  between  1C  and 
CSF  levels  of  SBDP  and  injury  magnitude  and  outcome 
measures.  The  results  show  that  SBDP  levels  in  both  CSF 
and  IC  SBDP  increase  with  injury  magnitude.  Although 
both  1C  and  CSF  levels  of  SBDP  increased,  they  did  not 
parallel  each  other.  Levels  of  CSF  SBDP  peaked  at  2  h 
and  decreased  over  time,  while  IC  levels  of  SBDP  slowly 
increased  over  the  first  6  h  after  TBL  The  correlation  be¬ 
tween  lesion  size  and  CSF  levels  of  SBDP  supported  CSF 
SBDP  as  an  indicator  of  injury.  Correlational  analysis  of 
relation.ships  between  lesion  size  and  CSF  levels  of  SBDP 
indicated  that  CSF  SBDP  is  a  reliable  marker  of  the  pre.s- 
ence  or  ab.sence  of  injury  but  failed  to  be  a  reliable  marker 
of  injury  magnitude.  Although  both  CSF  and  1C  SBDP 
levels  and  lesion  size  were  significantly  higher  after  1.6- 
mm  injury  than  after  1 .0-mm  injury,  the  correlation  be¬ 
tween  CSF  SBDP  and  lesion  size  was  not  significant  fol¬ 
lowing  the  removal  of  the  control  groups  (naive  and 
craniotomy)  from  the  analysis.  Further  study  is  needed 
to  show  if  CSF  SBDP  levels  arc  a  useful  predictor  of  out¬ 
come  such  as  lesion  size. 


FIG.  4.  Perfomiance  on  the  Rola-rod  test  decreases  with  in¬ 
creased  injury  magnitude  and  lesion  size.  (A)  Rats  were  placed 
on  a  rotating  rod.  which  slowly  accelerated  from  4  to  40  rpm 
within  5  min  on  days  I-.^  after  TBl,  The  rats  were  tested  for 
two  trials  a  day  and  the  average  of  the  latency  in  seconds  of 
the  two  trials  was  recorded.  Repeated  measures  ANOVA  (4 
groups  X  5  time  points)  were  perfomied  to  dctcmiinc  individ¬ 
ual  group  differences  over  the  five  time  points  on  the  Rota-rod 
test.  Of  the  third  group  of  rats.  10  rats  each  received  severe  ( 1 .6 
mm)  injury,  mild  ( 1 .0  mm)  injury  or  sham  surgery  and  5  rats 
remained  naive.  Data  is  prc.scnted  as  the  mean  ±  SE.  Injury 
magnitude  significantly  effected  rotarod  performance  {j?  < 
0.000 1 ).  Severely  ( 1 .6  mm)  injured  rats  performed  significantly 
worse  on  days  1-5  after  TBl  on  the  Rota-rtxi  test  than  mildly 
( 1 .0  mm)  injured  rats  or  the  sham-craniotomy  group  (/)  <  0.05 
and  p<0.01,  respectively).  Both  .severe  and  mild  injured 
groups  performed  significantly  worse  than  the  naive  rats  (j>  < 
0.01).  (B)  Rotarod  scores  were  averaged  for  the  5  days  of  test¬ 
ing  for  each  individual  rat.  The  average  performance  on  the 
Rota-rod  test  was  negatively  correlated  with  lesion  size  at  24  h 
after  TBl  in  the  individual  rat  (r  =  -0.708;  /;  <  0.0001).  ■. 
rats  after  1.6  mm  injury;  ♦,  rats  after  1.0  mm  injury,  rats 
after  sham-craniotomy;  A.  naive  rats. 
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ostasis,  and  Ihe  onset  and  duration  of  the  brain  injury. 
The  CCI  model  that  we  have  used  in  these  studies  has 
some  inherent  variability  in  impact  force  that  affects  le¬ 
sion  size,  lesion  severity  and  the  location  of  pathology. 
Injured  cells  in  the  subarachnoid  space  can  directly  re¬ 
lease  protein  into  the  CSF  while  protein  from  cells  in  the 
parenchyma  must  be  transported  to  the  CSF  by  How  of 
interstitial  fluid  or  edema  (Hans  et  al.,  1999).  The  molec¬ 
ular  flux/CSF  flow  theory  suggests  that  changes  in  dif¬ 
fusion  acro,ss  the  blood-brain  and  brain-CSF  bturiers  are 
primarily  predicated  on  CSF  flow  (Reiber  and  Peter. 
2001;  Reiber,  2003).  If  CSF  flow  rate  is  decreased  after 
injury,  then  ventricular  concentration  of  brain  derived 
proteins  is  increased  (Reiber,  2003).  Variation  of  lesion 
impact  might  also  cause  variation  in  CSF  flow  rate  and 
in  the  distance  of  brain-derived  proteins  from  the  CSF. 
As  more  is  learned  about  factors  effecting  CSF  levels  of 
brain-derived  proteins,  the  ability  of  CSF  SBDP  and  other 
biomarkers  to  predict  outcome  may  improve. 

Hans  et  al.  (1999)  conducted  one  of  the  first  studies  to 
rigorously  analyze  a  potential  biomarker  examining  dis¬ 
tribution  and  upregulation  of  mRNA  and  protein  levels 
of  IL-6  in  tissue,  and  bioactivity  of  IL-6  in  CSF  and  scrum 
in  a  model  of  TBI.  Similar  to  previous  work  in  our  lab 
examining  mRNA  of  calpain-1  and  calpain-2  (Ringger  et 
al.,  2(X)4),  IL-6  mRNA  was  uprcgulatcd  after  injury.  Sim¬ 
ilar  to  our  study,  CSF  levels  of  IL-6  peaked  within  2-4 
h  after  injury  (Hans  et  al.,  1999).  lL-6  protein  as  seen  on 
imniunohistochcmistry  increased  by  1  hour  and  persisted 
for  24  h.  similar  to  the  increase  in  1C  SBDP  on  western 
blots  at  2,  6,  and  24  h  after  TBI.  Hans  et  al.  (1999)  .sug¬ 
gested  that  the  increased  tissue  protein  immunoreactivity 
reflected  the  increased  IL-6  activity  in  the  CSF.  CSF  lev¬ 
els  of  IL-6  were  higher  than  scrum  levels  between  2  and 
8  h  after  injury.  The  CSF  levels  of  lL-6  appear  higher 
within  8  h  of  injury  than  in  the  CSF  of  sham  animals, 
however  the  pajter  did  not  address  this  impoilant  ques¬ 
tion  stati.stically. 

Increased  levels  of  calcium  after  TBI  have  been  ob¬ 
served  in  several  models  (Fineman  et  al.,  1993;  Nadler 
et  al.,  1995;  Verweij  et  al.,  1997;  Xiong  et  al.,  1997).  Af¬ 
ter  TBI,  calcium  initiates  a  cytotoxic  ca.scade  of  proteases 
including  calpain  which  breaks  down  the  cytoskeletal 
protein,  spectrin.  Higher  levels  of  injury  magnitude  in¬ 
creased  mRNA  levels  of  calpain-1  and  calpain-2  in  the 
injured  cortex  and  hippocampus  (Ringger  et  al.,  2004). 
Similar  to  our  study,  varying  injury  magnitude  by  depth 
or  by  velocity  of  impact,  significantly  effected  lesion  size 
(Goodman  et  al.,  1994).  Injury  magnitude  also  signifi¬ 
cantly  increased  peak  intracranial  pressure  and  hip¬ 
pocampal  neuron  loss  in  similar  models  of  TBI  (Chcrian 
et  al.,  1994;  Goodman  et  al.,  1994).  Temporal  increases 
in  intracellular  calcium  were  correlated  with  injury  mag¬ 


nitude  after  lateral  fluid  percussion  model  of  TBI  in  rats 
(Fineman  et  al.,  1 993).  The  corresponding  increase  in  cal¬ 
cium  after  more  severe  TBI  in  the  Fineman  study  may 
explain  the  association  between  injury  magnitude  and 
SBDP  levels  in  the  1C  and  CSl-  in  our  study. 

In  the  acute  time  period  following  TBI,  both  CSF  and 
IC  SBDP  significantly  increased  with  injury  magnitude. 
Calpain-mediated  SBDP  have  been  extensively  exam¬ 
ined  and  shown  to  increase  in  in  vivo  and  in  vitro  mod¬ 
els  of  neuronal  injury  (Bartus  et  al.,  1995;  Nath  et  al., 
1996;  Saatman  et  al.,  1996a;  Newcomb  el  al.,  1997).  Re¬ 
cently,  it  has  been  shown  that  CSF  SBDP  increased  in 
models  of  TBI  (Pike  el  al.,  2001)  and  ischemia  (Pike  et 
al.,  2004).  The  increased  levels  of  SBDP  150/1 45  are  pri¬ 
marily  associated  with  calpain  activation  in  our  CCI 
model.  Although  caspase-3  may  also  cleave  spectrin  to 
SBPDI50,  similar  to  prior  work  in  our  laboratory  (Pike 
et  al.,  1998),  the  caspase-3  signature  SBDP120  was  not 
significant  in  our  CCI  model,  suggesting  a  much  less  rel¬ 
evant  role  of  caspase-3  in  the  production  of  SBDP  in  this 
model.  Calpain  inhibitors  have  been  neuroprotective  in 
models  of  TBI  (Saatman  et  al.,  1996a.b;  Buki  et  al., 
2003),  i.schemia  (Bartus  et  al.,  1994;  Hong  et  al.,  1994; 
Markgraf  et  al.,  1998),  and  spinal  cord  injury  (Banik  et 
al.,  1998).  Tlic  ability  of  CSF  levels  of  SBDP  to  reflect 
increased  IC  SBDP  levels  after  acute  neuronal  injury  may 
provide  a  therapeutic  target  for  treatment  of  TBI  and  an 
effective  way  to  monitor  treatment  of  TBI  if  CSF  is  avail¬ 
able. 

CSF  cleaved  tau  levels  were  significant  predictors  of 
outcome  measures  (intracranial  pressure  and  GOS  at  dis¬ 
charge;  Zemlan  el  al.,  2002)  supporting  the  finding  of  a 
significant  correlation  between  CSF  tau  and  lesion  size 
in  our  study.  On  the  other  hand,  Franz  et  al.  (2003) 
showed  that  CSF  levels  of  total  tau  did  not  correlate  with 
injury  severity  (initial  GCS)  nor  with  outcome  (GOS). 
Tlie  wide  range  of  tau  levels  in  that  study  was  thought 
to  be  due  to  distance  of  the  while  matter  lesion  from  the 
ventricles.  Lesion  variability  is  less  in  a  model  of  CCI 
than  in  a  clinical  study  of  TBI. 

An  advantage  of  a  serum  biomarker  is  that  it  can  be 
measured  by  less  invasive  methods  than  CSF  biomark¬ 
ers.  The  disadvantage  of  scrum  markers  is  that  mea¬ 
surable  serum  levels  of  brain  tissue  proteins  must  cross 
the  blood-brain  and  the  CSF-blood  barriers.  Use  of 
serum  tau  as  a  biomarker  has  produced  conflicting  re¬ 
sults.  Initial  examination  of  .serum  cleaved  tau  indicated 
that  the  presence  of  scrum  cleaved  tau  increased  the  odds 
of  the  presence  of  an  intracranial  injury  and  a  greater 
chance  of  a  poor  out-come  (Shaw  et  al.,  2002).  Later 
work  indicated  .serum  cleaved  tau  levels  did  not  cor¬ 
relate  with  outcome  measures  (Chatfield  et  al.,  2002). 
After  acute  stroke,  total  tau  increa.sed  in  the  CSF  (Hesse 
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et  al.,  2001)  and  serum  (Bitsch  et  al.,  2002),  and  serum 
tau  levels  correlated  to  lesion  size  and  severity.  Scrum 
tau  levels,  however,  increased  in  ie.ss  than  50%  of 
stroke  patients  during  the  first  5  days  after  stroke  (Bitsch 
et  al.,  2002). 

Analysis  of  SHX)^  has  primarily  been  from  the  serum 
in  clinical  studies.  Two  clinical  studies  of  .serum  levels 
of  SI 00/3  revealed  a  correlation  with  contusion  volume 
(Raabe  et  al.,  1998;  Heirmann  et  al.,  2000),  while  in 
a  study  of  mild  TBI,  serum  SI 00/3  levels  did  not  corre¬ 
late  with  MRI  or  CT  scans  (Herrmann  et  al.,  1999). 
SI 00/3  may  be  released  from  damaged  glial  cells,  and 
this  variable  may  not  change  consistently  with  lesion 
volume. 

Importantly  in  multi-trauma  patients  without  head  in¬ 
juries,  S 1 00/3  reached  high  scrum  levels  after  bone  frac¬ 
tures  and  thoracic  contusion  and  also  increased  after 
bums  and  minor  bruising  (Anderson  et  al.,  2001).  Nu¬ 
merous  studies  examined  the  use  of  SI 00)3  to  mark  cere¬ 
bral  damage  after  cardio-pulmonary  bypass  surgery  (Ali 
et  al.,  2()(X)),  but  SI 00)3  was  found  to  be  released  from 
the  mediastinum  of  ctu'diopulmonary  bypass  patients 
(Anderson  et  al.,  2001 ).  After  stroke,  higher  serum  S 1 00/3 
levels  were  associated  with  larger  infarcts  and  more  se¬ 
vere  neuropsychological  deficits  (Aurell  et  al.,  1991; 
Abraha  et  al.,  1997;  Buttner  et  al.,  1997).  Yet  despite 
these  promising  correlations.  Hill  et  al.  (2000)  found  only 
32%  of  stroke  patients  had  elevated  scrum  SI 00)8  on  ad¬ 
mission  similar  to  serum  tau  levels  (Bitsch  et  al.,  2002). 
Early  identification  of  stroke  is  necessary  for  optimal 
treatment  within  three  hours. 

The  utility  of  SBDP  as  a  serum  mtirker  has  not  been 
examined  in  clinical  ca.ses  or  models  of  stroke  or  TBI  to 
the  author's  knowledge.  Our  study  did  not  examine  serum 
SBDP  levels  but  further  work  will  be  important  to  es¬ 
tablish  if  SBDP  crosses  the  blood-brain  and  blood-CSF 
barrier  and  refiects  SBDP  levels  in  the  CSF  and  brain, 
all-spectrin  is  not  found  in  red  bloixi  cells  (Pike  et  al., 
2(X)1)  although  it  is  found  in  very  low  levels  in  other  or¬ 
gans  sy.stems  (Pike,  Flint.  Wang,  and  Hayes,  unpubli.shed 
data).  The  utility  of  SBDP  as  a  marker  would  also  ben¬ 
efit  from  knowledge  of  .serum  levels  of  SBDP  in  multi¬ 
trauma  patients  without  head  injuries  and  acutely  after 
stroke. 

Changes  in  high  resolution  MRI  have  been  shown  to 
correlate  well  with  histology  in  a  lateral  fluid  percussion 
model  (Albensi  et  al..  2(X)0)  and  a  closed  head  injury 
nuxiel  (Assaf  et  al.,  1997)  of  TBI.  Areas  of  hypo-inten¬ 
sity  on  MRI  were  assiKiated  with  hemorrhage  or  me¬ 
chanical  disruption  and  areas  of  hyper-intensity  were  as¬ 
sociated  with  edema  (Albensi  et  al.,  20(X)).  At  24  h  after 
rats  underwent  craniotomy,  varying  amounts  of  hyper-in¬ 
tensity  were  noted,  most  likely  due  to  edema  associated 


with  the  changes  in  cranial  pressures.  In  the  closed  head 
injury  model,  areas  of  hyper-intensity  decreased  between 
2  and  7  days  after  TBI  likely  representing  resolution  of 
edema  (Assaf  et  al.,  1997).  Similarly  in  our  study,  the 
overall  size  of  the  lesion  decreased  between  24  h  and  28 
days,  although  a  significant  correlation  was  maintained 
between  lesion  size  in  individual  rats  at  the  two  time 
points. 

This  study  examined  in  vivo  lesion  size  and  the  corre¬ 
lation  to  neuromotor  function.  Higher  levels  of  injury 
magnitude  significantly  increa.sed  lesion  size  and  de¬ 
creased  motor  performance.  In  a  stroke  model,  lesion  size 
from  T2-weighted  images  at  2  and  7  days  after  ischemia 
was  significantly  correlated  with  an  average  of  individ¬ 
ual  neurological  score  (Palmer  et  al.,  2(X)1).  Similarly  in 
our  study,  the  larger  the  lesion  size,  the  worse  the  per¬ 
formance  on  the  motor  function  test.  Because  lesion  size 
at  24  h  was  highly  correlated  with  lesion  size  at  28  days 
and  significantly  negatively  correlated  with  motor  per¬ 
formance.  it  is  suggestive  that  acute  levels  of  SBDP  might 
correlate  with  both  acute  motor  perfonnance  and  chronic 
lesion  size.  Because  withdrawal  of  CSF  is  a  terminal  pro¬ 
cedure  in  our  laboratory  at  this  time,  the  correlation  is 
only  speculative. 

In  conclusion,  the  results  of  this  study  show  that  lev¬ 
els  of  SBDP  in  the  IC  and  CSF  are  significantly  higher 
after  1.6-mm  injury  than  after  1.0-mm  injury  paralleling 
the  significant  difference  in  lesion  size.  We  further 
.showed  that  24  hours  after  TBI,  increased  levels  of  CSF 
SBDP  indicate  the  presence  of  a  lesion.  These  studies 
.strongly  support  the  further  study  of  CSF  SBDP  as  a 
marker  of  CNS  injury,  and  warrant  evaluation  of  SBDP 
as  a  .serum  marker.  Further  examination  may  elucidate 
whether  CSF  or  serum  .SBDP  levels  are  predictors  of  out¬ 
come  such  as  lesion  size,  GOS  or  neurological  dysfunc¬ 
tion.  The  contribution  of  this  work  is  a  foundation  for  fu¬ 
ture  studies  a,ssessing  the  utility  of  this  marker  in  human 
brain  injury. 
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Abstract 


Preclinical  studies  have  identified  numerous  neuroprotective  drugs  that  attenuate  brain  damage 
and  functional  outcome  after  cerebral  ischemia.  Despite  this  success  in  animal  models, 
neuroprotective  therapies  in  the  clinical  setting  have  been  unsuccessful.  Identification  of 
biochemical  markers  common  to  preclinical  and  clinical  cerebral  ischemia  will  provide  a  more 
sensitive  and  objective  measure  of  injury  severity  and  outcome  to  facilitate  clinical  management 
and  treatment.  However,  there  are  currently  no  effective  biomarkers  available  for  assessment 
of  stroke.  Non-erythroid  all-spectrin  is  a  cytoskeletal  protein  that  is  cleaved  by  calpain  and 
caspase-3  proteases  to  signature  all-spectrin  breakdown  products  (all-SBDPs)  after  cerebral 
ischemia  in  rodents.  This  investigation  examined  accumulation  of  calpain-  and  caspase-3- 
cleaved  all-SBDPs  in  CSF  of  rodents  subjected  to  2  hours  of  transient  focal  cerebral  ischemia 
produced  by  middle  cerebral  artery  occlusion  (MCAO)  followed  by  reperfusion.  Following 
MCAO  injury,  full-length  all-spectrin  protein  was  decreased  in  brain  tissue  and  increased  in  CSF 
from  24  hours  to  72  hours  after  injury.  Calpain-  and  caspase-3-specific  all-SBDPs  were  also 
increased  in  brain  and  CSF  after  injury.  Levels  of  calpain-specific  all-SBDPs  were  greater  at 
each  post-injury  time  point  than  levels  of  caspase-3-specific  all-SBDPs.  Levels  of  these 
proteins  were  undetectable  in  CSF  of  uninjured  control  rats.  These  results  indicate  that  calpain- 
and  caspase-3-cieaved  all-SBDPs  in  CSF  may  be  useful  diagnostic  indicators  of  cerebral 
infarction  that  can  provide  important  information  about  specific  neurochemical  events  that  have 
occurred  in  the  brain  after  acute  stroke. 

Keywords:  calpain,  caspase-3,  ischemia,  stroke,  biomarker,  fodrin,  a-spectrin,  cerebrospinal 
fluid 
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Introduction 


Acute  ischemic  stroke  is  a  significant  international  health  concern  representing  a 
potentially  catastrophic  debilitating  medical  emergency  with  poor  prognosis  for  long-term 
disability.  With  the  exception  of  diuretics,  supportive  measures,  and  when  appropriate, 
thrombolytic  therapy  with  recombinant  tissue  plasminogen  activator  (tPA),  there  are  currently  no 
approved  drug  treatments  for  ischemic  brain  injury  (Grotta,  2002;  Lees,  2002;  Broderick  and 
Hacke,  2002).  Although  a  number  of  neuroprotective  drugs  have  proven  effective  in  reducing 
infarct  size  or  improving  functional  outcome  in  preclinical  testing,  none  have  proven  successful 
in  clinical  trials  (Gladstone  et  al.,  2002;  Kidwell  et  al.,  2001).  Differences  between  preclinical 
and  clinical  trial  outcome  with  neuroprotective  drugs  in  acute  ischemic  stroke  may  be  due  to  a 
variety  of  pitfalls  that  arise  when  attempting  to  extrapolate  from  animal  to  human  investigations. 
These  pitfalls  may  include  differences  in  drug  concentration  and  duration,  differences  in  the 
window  for  therapeutic  efficacy,  differences  in  preclinical  vs.  clinical  trial  design,  and  the  lack  of 
standardized  and  sensitive  outcome  measures  (Gladstone,  et  al.,  2002;  STAIR,  1999).  For 
example,  preclinical  studies  (typically  in  rodents)  have  traditionally  utilized  reduction  of  acute 
infarct  volume  as  the  primary  measure  of  treatment  efficacy,  while  clinical  trials  typically  gauge 
treatment  efficacy  based  on  neurological  and/or  functional  outcome  (Gladstone  et  al.,  2002). 
One  approach  to  address  these  discrepancies  in  outcome  measures  is  for  preclinical  and 
clinical  trial  designs  to  use  outcome  measures  that  are  common  to  both  human  acute  ischemic 
stroke  and  to  preclinical  animal  models  of  ischemia.  The  use  of  common  biochemical  markers 
may  provide  such  an  approach. 

Unlike  other  organ-based  diseases  where  rapid  diagnosis  employing  biomarkers  (usually 
involving  blood  tests)  prove  invaluable  to  guide  treatment  of  the  disease,  no  such  rapid  and 
definitive  diagnostic  tests  exist  for  acute  ischemic  brain  injury.  Biomarkers  would  have 
important  applications  in  diagnosis,  prognosis,  and  clinical  research  of  ischemic  brain  injuries. 
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Simple  and  rapid  diagnostic  tools  will  immensely  facilitate  allocation  of  the  major  medical 
resources  required  to  treat  acute  ischemic  brain  injuries.  Accurate  diagnosis  in  acute  care 
environments  can  significantly  enhance  decisions  about  patient  management,  including 
decisions  whether  to  admit  or  discharge  patients  or  to  administer  other  time  consuming  and 
expensive  tests,  including  computed  tomography  (CT)  and  magnetic  resonance  imaging  (MRI) 
scans.  Biomarkers  could  provide  major  opportunities  for  the  conduct  of  clinical  research 
including  confirmation  of  injury  mechanism(s)  and  drug  target  identification.  The  temporal  profile 
of  changes  in  biomarkers  could  guide  timing  of  treatment.  Finally,  biomarkers  could  provide  a 
robust  and  sensitive  clinical  trial  outcome  measure  that  is  obtainable  more  readily  and  with  less 
expense  than  conventional  neurological  assessments,  thereby  significantly  reducing  the  risks 
and  costs  of  human  clinical  trials. 

Previously  reported  biomarkers  of  cerebral  ischemia  include  neuron-specific  enolase 
(NSE),  brain  specific  creatine  kinase  enzyme  (CPK-BB),  S-100p,  and  inflammatory  cytokines 
such  as  IL-6  (Laskowitz  et  al.,  1998).  Of  these,  NSE  and  S-IOOp  have  been  the  most  studied. 
After  cardiac  arrest,  NSE  elevations  in  serum  and  CSF  have  been  correlated  with  neurological 
recovery  (Roine  et  al.,  1989;  Martens,  1996;  Dauberschmidt  et  al.,  1991).  Serum  and  CSF  NSE 
values  are  reported  to  be  elevated  in  rodent  models  of  focal  ischemia  in  proportion  to  the 
eventual  infarct  volume  (Cunningham  et  al.,  1991,  1996;  Horn  et  al.,  1995).  In  clinical  trials, 
peak  serum  NSE  values  also  predicted  infarct  volumes  as  shown  by  CT.  However,  correlating 
serum  NSE  values  with  functional  outcome  was  less  successful  (Cunningham  et  al.,  1991, 
1996;  Missler  et  al.,  1997).  S-IOOp  protein  has  been  studied  most  extensively  for 
characterization  of  ischemic  injuries  after  cardiac  surgery  and  several  reports  have  documented 
post-operative  serum  elevations  (Sellman  et  al.,  1992;  Westaby  et  al.,  1996).  However,  many  of 
these  reports  do  not  include  careful  studies  of  neurological  outcome  and  several  investigators 
have  recently  criticized  the  diagnostic  utility  of  S-100p  during  cardiac  surgery  (Anderson  et  al.. 
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2001 ).  Thus,  there  is  clearly  a  need  for  development  of  better  biochemical  markers  for  use  in 
evaluating  ischemic  brain  injury. 

Our  research  efforts  to  develop  biomarkers  for  traumatic  brain  injury  (TBI)  and  acute 
ischemic  brain  injury  have  focused  on  all-spectrin  metabolic  products  as  prototypical 
biochemical  markers  (Pike  et  al.,  2001;  Ringger  et  al.,  2002).  all-spectrin  is  the  major  structural 
component  of  the  cortical  membrane  cytoskeleton  and  is  particularly  abundant  in  axons  and 
presynaptic  terminals  (Goodman  et  al.,  1995;  Riederer  et  al.,  1986).  Importantly,  all-spectrin  is 
a  major  substrate  for  both  and  calpain  and  caspase-3  cysteine  proteases  (see  Fig.  1 ),  and  the 
major  calpain  and  caspase-3  cleavage  sites  of  all-spectrin  have  been  well  documented  (Harris 
et  al.,  1988;  Wang  et  al.,  1998).  Our  laboratory  has  provided  considerable  evidence  that  all¬ 
spectrin  is  processed  by  calpains  and/or  caspase-3  to  signature  cleavage  products  in  vivo  after 
TBI  (Beer  et  al.,  2000;  Newcomb  et  al.,  1997;  Pike  et  al.,  1998a,  2001)  and  in  in  vitro  models  of 
mechanical  stretch  injury  (Pike  et  al.,  2000),  necrotic  cell  death  (Zhao  et  al.,  1999),  apoptotic 
cell  death  (Pike  et  al.,  1998b),  and  oxygen-glucose  deprivation  (Newcomb-Fernandez  et  al., 
2001).  Calpain  and  caspase-3  proteases  also  cleave  all-spectrin  to  signature  proteolytic 
fragments  in  the  brain  in  a  rodent  model  of  transient  forebrain  ischemia  (Zhang  et  al.,  2002). 
Although  we  have  generated  considerable  laboratory  data  on  the  utility  of  all-spectrin 
degradation  as  a  biomarker  for  TBI  in  rodents  (Pike  et  al.,  2001),  and  more  recently  with 
preliminary  data  in  human  TBI  patients  (d’Avella  et  al.,  2002),  the  present  investigation  is  the 
first  to  provide  evidence  that  calpain-  and  caspase-3-mediated  all-spectrin  breakdown  products 
(all-SBDPs)  can  be  detected  in  CSF  after  ischemic-reperfusion  brain  injury,  and  can  used  as 
biochemical  markers  in  a  rodent  model  of  transient  focal  stroke  in  rats. 

Methods 

Surgical  Procedures  and  Middle  Cerebral  Artery  Occlusion:  A  "noninvasive"  filament 
method  of  MCAO  occlusion  used  extensively  by  our  laboratories  (Berti  et  al.,  2002;  Williams  et 
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al.,  2003)  was  used  to  produce  cerebral  ischemia  in  rats.  The  method  described  by  Longa  et  al. 
(1989)  and  later  modified  in  our  laboratory  by  Britton  et  al.  (1997)  consists  of  blocking  blood  flow 
into  the  MCA  with  an  intraluminal  3-0  monofilament  nylon  sterile  suture  with  rounded  tip 
introduced  through  an  incision  in  the  external  carotid  artery  (EGA). 

Under  halothane  anesthesia  (5%  halothane  via  induction  chamber  followed  by  2% 
halothane  via  nose  cone),  the  common  carotid  artery  (CCA)  was  exposed  at  the  level  of  external 
and  internal  carotid  artery  bifurcation  with  a  midline  neck  incision.  The  internal  carotid  artery  (ICA) 
was  followed  rostrally  to  the  pterygopalatine  branch  and  the  EGA  was  ligated  and  cut  at  its  lingual 
and  maxillary  branches.  To  prevent  bleeding  during  suture  insertion,  the  CCA  and  ICA  were 
temporarily  clamped  with  micro-aneurysm  clips.  The  nylon  suture  was  then  introduced  into  the  ICA 
via  an  incision  on  the  ECA  stump  (the  path  of  the  suture  can  be  monitored  visually  through  the 
vessel  wall)  and  advanced  through  the  carotid  canal  approximately  20  mm  from  the  carotid 
bifurcation  until  it  becomes  lodged  in  the  narrowing  of  the  anterior  cerebral  artery  blocking  the  origin 
of  the  MCA.  The  skin  incision  was  then  closed  using  sterile  autoclips.  The  endovascular  suture 
remained  in  place  for  2  hr  at  which  time  the  rat  was  briefly  re-anesthetized  and  the  suture  filament 
was  retracted  to  allow  reperfusion.  For  sham  MCAO  surgeries,  the  same  procedure  was  followed 
but  the  filament  was  advanced  only  10  mm  beyond  the  internal-external  carotid  bifurcation  and 
was  left  in  place  until  sacrifice.  During  all  surgical  procedures,  animals  were  maintained  at  37.0°C 
by  a  homeothermic  heating  blanket  (Harvard  Apparatus,  Holliston,  MA). 

Following  surgery  animals  were  placed  in  recovery  cages  with  air  temperature  maintained  at 
22°C.  During  the  2  hr  ischemia  period  and  the  initial  4  hr  post-reperfusion  period,  75-watt 
warming  lamps  were  positioned  directly  over  the  top  of  each  cage  in  order  assist  in  maintaining 
normothermic  body  temperature  throughout  the  experiment.  Importantly,  at  the  conclusion  of 
each  experiment,  rat  brains  showing  pathological  evidence  of  subarachnoid  hemorrhage  upon 
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necropsy  were  excluded  from  the  study.  Also,  all  rats  exhibiting  convulsant  behaviors  at  any  time 
post  MCAO  were  excluded  from  the  experiment,  as  well  as  those  animals  not  showing  maximal 
neurologic  impairment  (NS=10,  see  description  below)  immediately  prior  to  the  2  hr  reperfusion. 

Brain  Tissue  and  CSF  Collection:  Brain  (cortex  and  hippocampus)  and  CSF  was 
collected  from  animals  at  various  intervals  after  sham-injury  or  MCAO  as  previously  described 
by  our  laboratory  (Pike  et  al.,  2001).  At  the  appropriate  time-points,  MCAO  or  sham-injured 
animals  were  anesthetized  as  described  above  and  secured  in  a  stereotactic  frame  with  the 
head  allowed  to  move  freely  along  the  longitudinal  axis.  The  head  was  flexed  so  that  the 
external  occipital  protuberance  in  the  neck  was  prominent  and  a  dorsal  midline  incision  was 
made  over  the  cervical  vertebrae  and  occiput.  The  atlanto-occipital  membrane  was  exposed  by 
blunt  dissection  and  a  25G  needle  attached  to  polyethylene  tubing  was  carefully  lowered  into 
the  cisterna  magna.  Approximately  0.1  to  0.15  ml  of  CSF  was  collected  from  each  rat. 
Following  CSF  collection,  animals  were  removed  from  the  stereotactic  frame  and  immediately 
killed  by  decapitation.  Ipsilateral  and  contralateral  (to  the  site  of  infarct)  cortices  were  then 
rapidly  dissected,  rinsed  in  ice  cold  PBS,  and  snap  frozen  in  liquid  nitrogen.  Cortices  were 
excised  to  the  level  of  the  white  matter  and  extended  ~4  mm  laterally  and  ~7  mm  rostrocaudally. 
CSF  samples  were  centrifuged  at  4000  g  for  4  min.  at  4°C  to  clear  any  contaminating 
erythrocytes.  Cleared  CSF  and  frozen  tissue  samples  were  stored  at  -80°C  until  ready  for  use. 
Cortices  were  homogenized  in  a  glass  tube  with  a  Teflon  dounce  pestle  in  15  volumes  of  an  ice- 
cold  triple  detergent  lysis  buffer  (20  mM  Hepes,  1  mM  EDTA,  2  mM  EGTA,  150  mM  NaCI,  0.1% 
SDS,  1.0%  IGEPAL  40,  0.5%  deoxycholic  acid,  pH  7.5)  containing  a  broad  range  protease 
inhibitor  cocktail  (Roche  Molecular  Biochemicals,  cat.  #1-836-145). 

Immunoblot  Analyses  of  CSF  and  Cortical  Tissues:  Protein  concentrations  of  tissue 
homogenates  and  CSF  were  determined  by  bicinchoninic  acid  microprotein  assays  (Pierce  Inc., 
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Rockford,  IL)  with  albumin  standards.  Protein  balanced  samples  were  prepared  for  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  in  twofold  loading  buffer 
containing  0.25  M  Tris  (pH  6.8),  0.2  M  DTT,  8%  SDS,  0.02%  bromophenol  blue,  and  20% 
glycerol  in  distilled  H2O.  Samples  were  heated  for  10  min.  at  100°C  and  centrifuged  for  1  min. 
at  10,000  rpm  in  a  microcentrifuge  at  ambient  temperature.  Twenty  micrograms  of  protein  per 
lane  was  routinely  resolved  by  SDS-PAGE  on  6.5%  Tris/glycine  gels  for  1  hour  at  200  V. 
Following  electrophoresis,  separated  proteins  were  laterally  transferred  to  polyvinylidene 
fluoride  (PVDF)  membranes  in  a  transfer  buffer  containing  0.192  M  glycine  and  0.025  M  Tris 
(pH  8.3)  with  10%  methanol  at  a  constant  voltage  of  100  V  for  1  hour  at  4°C.  Blots  were 
blocked  for  1  hour  at  ambient  temperature  in  5%  nonfat  milk  in  TBS  and  0.05%  Tween-20. 
Panceau  Red  (Sigma,  St.  Louis,  MO)  was  used  to  stain  membranes  to  confirm  successful 
transfer  of  protein  and  to  insure  that  an  equal  amount  of  protein  was  loaded  in  each  lane. 

Antibodies  and  Immunolabeling  of  PVDF  Membranes:  Immunoblots  containing  brain  or 
CSF  protein  were  probed  with  an  anti-all-spectrin  (fodrin)  monoclonal  antibody  (FG  6090  Ab; 
clone  AA6;  cat.  #  FG  6090;  Affiniti  Research  Products  Limited,  UK)  that  detects  intact  non 
erythroid  all-spectrin  (280  kDa)  and  150,  145,  and  120  kDa  cleavage  fragments  to  all-spectrin. 
A  cleavage  product  of  150  kDa  is  initially  produced  by  calpains  or  caspase-3  proteases  (each 
proteolytic  cleavage  yields  a  unique  amino-terminal  region;  Nath  et  al.,  1996;  Wang  et  al.,  1998; 
Fig.  1).  The  calpain-generated  150  kDa  product  is  further  cleaved  by  calpain  to  yield  a  specific 
calpain  signature  product  of  145  kDa  (Harris  et  al.,  1988;  Nath  et  al.,  1996)  whereas  the 
caspase-3  generated  150  kDa  product  is  further  cleaved  by  caspase-3  to  yield  an  apoptotic- 
specific  caspase-3  signature  product  of  120  kDa  (Nath  et  al.,  1998;  Wang  et  al.,  1998;  Wang, 
2000).  Following  an  overnight  incubation  at  4°C  with  the  primary  antibody  (FG  6090  Ab,  1:4000 
for  brain  tissue  and  1 :2000  for  CSF),  blots  were  incubated  for  1  hr  at  ambient  temperature  in  3% 
nonfat  milk  that  contained  a  horseradish  peroxidase-conjugated  goat  anti-mouse  IgG  (1:10,000 
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dilution).  Enhanced  chemiluminescence  (ECL,  Amersham)  reagents  were  used  to  visualize 
immunolabeling  on  Kodak  Biomax  ML  chemiluminescent  film. 

Statistical  Analyses:  Semi-quantitative  evaluation  of  protein  levels  detected  by 
immunoblotting  was  performed  by  computer-assisted  densitometric  scanning  (Alphalmager 
2000  Digital  Imaging  System,  San  Leandro,  CA).  Data  were  acquired  as  integrated 
densitometric  values  and  transformed  to  percentages  of  the  densitometric  levels  obtained  on 
scans  from  sham-injured  animals  visualized  on  the  same  blot.  Data  was  evaluated  by  least 
squares  linear  regression  followed  by  ANOVA.  All  values  are  given  as  mean  ±  SEM. 
Differences  were  considered  significant  if  p  <  0.05. 

Results 

Proteolysis  of  all-Spectrin  in  the  Ipsilateral  Cortex  by  Calpains  and  Caspase-3  After 
MCAO  Injury.  In  the  ipsilateral  cortex,  MCAO  injury  caused  significant  (p  <  0.05)  accumulation 
of  the  non-specific  150  kDa  all-SBDP  (generated  by  calpain  and/or  caspase-3),  and  of  the 
calpain-specific  145  kDa  all-SBDP  at  all  post-injury  time  points  as  compared  to  sham-injured 
control  rats  (Fig.  2).  Levels  of  the  calpain-specific  145  kDa  all-SBDP  were  304%,  282%,  and 
301%  of  sham-injured  control  values  at  24,  48,  and  72  hours  post-injury,  respectively  (Fig.  3). 
Levels  of  the  non-specific  150  kDa  all-SBDP  closely  matched  levels  of  the  145  kDa  fragment, 
and  were  276%,  275%,  268%  of  sham-injured  control  valules  at  24,  48,  and  72  hours, 
respectively  (Fig.  3).  MCAO  injury  also  resulted  in  more  modest,  but  significant  (p  <  0.05  to  p  < 
0.001)  levels  of  caspase-3-specific  120  kDa  all-SBDPs  at  all  post-injury  time  points  (Fig.  2). 
Levels  of  the  caspase-3-specific  120  kDa  fragment  were  131%,  132%,  and  140%  of  sham- 
injured  control  values  at  24,  48,  and  72  hours  post-injury,  respectively  (Fig.  3).  Although  levels 
of  the  caspase-3-specific  120  kDa  all-SBDP  were  smaller  than  those  produced  by  calpains. 
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between  animal  variability  was  much  lower  for  levels  of  caspse-3  all-SBDPs  compared  to  the 
variability  for  levels  of  calpain  all-SBDPs. 

In  the  contralateral  cortex,  MCAO  injury  caused  no  significant  accumulation  of  calpain- 
or  caspase-3-specific  all-SBDPs  at  any  post-injury  time  point  as  compared  to  sham-injured 
control  rats  (Fig.  2). 

Accumulation  of  Calpain  and  Caspase-3  Mediated  all-SBDPs  in  CSF  after  MCAO  Injury. 
Cerebrospinal  fluid  levels  of  all-spectrin  and  all-SBDPs  were  undetectable  in  sham-injured 
control  animals  (Fig.  2).  However,  after  MCAO  injury  accumulation  of  full  length  all-spectrin 
(280  kDa)  and  the  150  kDa,  145  kDa,  and  120  kDa  all-SBDPs  were  overtly  apparent  on 
immunoblots  at  various  post-injury  time  points  (Fig.  2).  Levels  of  the  full  length  all-spectrin 
protein  were  increased  in  CSF  of  MCAO  injured  animals  and  were  144%,  453%,  and  395%  of 
sham-injured  control  levels  at  24,  48,  and  72  hours  post-injury.  However,  there  was 
considerable  between  animal  variability  in  levels  of  the  full  length  protein;  thus,  quantitative 
analysis  failed  to  reach  statistical  significance  (Fig.  3).  Levels  of  the  non-specific  150  kDa  all- 
SBDP,  and  of  the  calpain-specific  145  kDa  all-SBDP,  were  apparent  on  immunoblot  at  all  post¬ 
injury  time  points,  but  only  levels  at  48  hours  and  72  hours  post-injury  reached  statistical 
significance  (p  <  0.001).  Levels  of  the  non-specific  150  kDa  all-SBDP  were  216%,  523%,  and 
467%  of  sham-injured  control  animals,  and  levels  of  the  calpain-specific  145  kDa  all-SBDP 
were  268%,  626%,  and  546%  of  sham-injured  control  values  at  24,  48,  and  72  hours  post-injury, 
respectively  (Fig.  3).  Levels  of  the  caspase-3-specific  120  kDa  all-SBDP  were  84%,  439%,  and 
110%  of  sham-injured  control  levels  at  24,  48,  and  72  hours  post-injury,  respectively  (Fig.  3). 
Although  levels  of  caspase-3-specific  120  kDa  all-SBDPs  were  439%  of  sham-injured  control 
values  at  48  hours  post-injury,  large  between  animal  variability  precluded  statistical  significance. 
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Linear  Regression  Analyses  of  Cortical  versus  CSF  Levels  of  all-SpectrIn  and  all- 
SBDPs.  Least  squares  linear  regression  was  calculated  to  examine  the  relationship  between 
cortical  and  CSF  levels  of  all-spectrin  and  all-SBDPs  over  days  post-injury  in  sham-control  and 
MCAO-injured  animals.  The  slopes  of  the  regression  lines  for  brain  and  CSF  protein  levels 
were  analyzed  by  ANOVA. 

The  slope  of  the  regression  line  for  protein  levels  of  the  full-length  280  kDa  all-spectrin  in 
the  cortex  across  days  post-injury  was  only  slightly  negative  (m  =  -4.872),  indicating  modest 
decreases  in  total  all-spectrin  protein  (Fig,  4).  The  slope  of  the  regression  line  for  CSF  levels  of 
the  full-length  all-spectrin  protein  across  days  post-injury  was  positive  (m  =  113.5),  indicating 
increased  accumulation  of  all-spectrin  in  CSF  from  24  h  to  72  h  after  MCAO  injury. 

Slopes  of  the  regression  lines  for  the  150  kDa  all-SBDP  in  cortex  and  CSF  across  days 
post-injury  were  both  positive  (m  =  53.59  and  m  =  145.4,  respectively;  Fig.  4).  This  result  is 
consistent  with  the  immunoblot  data  demonstrating  increased  accumulation  of  the  150  kDa  all- 
SBDP  in  cortex  and  CSF  after  MCAO  injury.  ANOVA  indicated  no  significant  difference  (F  = 
2.14,  p  =  0.2172)  between  cortical  and  CSF  slopes.  This  result  indicates  that  rate  of 
accumulation  of  the  non-specific  150  kDa  all-SBDP  in  brain  and  CSF  over  days  post-injury  was 
approximately  equivalent. 

Slopes  of  the  regression  line  for  the  145  kDa  all-SBDP  in  cortex  and  CSF  across  days 
post-injury  were  both  positive  (m  =  60.63  and  m  =  170.5,  respectively;  Fig.  4).  This  result  is  also 
consistent  with  the  immunoblot  data  demonstrating  increased  accumulation  of  the  145  kDa  all- 
SBDP  in  cortex  and  CSF  after  MCAO  injury.  ANOVA  indicated  no  significant  difference  (F  = 
2.50,  p  =  0.1889)  between  cortical  and  CSF  slopes.  This  result  indicates  that  rate  of 


accumulation  of  the  calpain-specific  145  kDa  all-SBDP  in  brain  and  CSF  over  days  post-injury 
was  approximately  equivalent. 

Slopes  of  the  regression  line  for  the  120  kDa  all-SBDP  in  cortex  and  CSF  across  days 
post-injury  were  both  slightly  positive  (m  =  15.12  and  m  =  41.28,  respectively;  Fig.  4).  This 
result  is  consistent  with  the  immunoblot  data  demonstrating  relatively  small  increases  in 
accumulation  of  the  120  kDa  all-SBDP  in  cortex  and  CSF  after  MCAO  injury.  Again,  ANOVA 
indicated  no  significant  difference  (F  =0.08,  p  =  0.7861)  between  cortical  and  CSF  slopes, 
indicating  that  rate  of  accumulation  of  the  caspase-3  specific  120  kDa  all-SBDP  in  brain  and 
CSF  over  days  post-injury  was  approximately  equivalent. 

Discussion 

This  paper  provides  further  evidence  supporting  the  use  of  calpain  and  caspsase-3 
specific  all-SBDPs  as  surrogate  neurochemical  markers  of  CNS  injury.  Previous  data  from  our 
laboratory  demonstrate  that  TBI  causes  robust  and  detectable  accumulation  of  calpain- 
mediated  all-SBDPs  (and  to  a  lesser  extent,  caspase-3-mediated  all-SBDPs)  in  CSF  of  brain 
injured  rodents  (Pike  et  al.,  2001 ).  We  now  demonstrate  that  a  rodent  stroke  model  of  focal 
ischemic  injury  also  results  in  increased  levels  of  calpain  and  caspase-3  all-SBDPs  in  post¬ 
injury  CSF.  The  results  of  these  two  studies  are  important  in  that  they  provide  the  first  evidence 
that  extra-parenchymal  detection  of  specific  protein  metabolic  products  can  be  used  as 
unequivocal  biochemical  markers  for  specific  neurochemical  events  (i.e.,  calpain  and  caspase-3 
activation)  that  have  occurred  in  the  injured  brain  in  at  least  two  preclinical  models  of  brain  injury 
(traumatic  and  ischemic).  Importantly,  recent  preliminary  clinical  studies  in  patients  with  severe 
TBI  also  indicate  robust  levels  of  calpain  and  caspase-3  mediated  all-SBDPs  in  CSF  (d’Avella 
etal.,  2002). 
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Analysis  of  specific  biochemical  markers  is  a  mandatory  component  of  diagnosing 
dysfunction  in  a  number  of  organs,  including  the  use  of  troponin  assays  in  patients  with  acute 
coronary  syndromes  (Newby  et  al.,  2003).  Indeed,  troponin  testing  has  rapidly  evolved  from  its 
initial  role  in  aiding  diagnosis  of  myocardial  infarction  to  a  more  complex  role  for  risk 
stratification  and  guidance  of  treatment  strategies  (Newby  et  al.,  2003).  However,  there  are  no 
such  biomarkers  of  proven  clinical  utility  for  TBI  and  cerebral  ischemia.  In  the  case  of  TBI,  this 
may  be  due,  in  part,  to  the  fact  that  TBI  is  difficult  to  assess  and  clinical  examinations  are  of 
restricted  value  during  the  first  hours  and  days  after  injury.  For  instance,  conventional  diagnoses 
of  TBI  are  based  on  neuroimaging  techniques  such  as  CT  scanning,  MRI,  and  single-photon 
emission  CT  scanning  (Jacobs  et  al.,  1996;  Kant  et  al.,  1997;  Mitchener  et  al.,  1997).  CT 
scanning  has  low  sensitivity  to  diffuse  brain  damage  and  the  availability  of  MRI  is  limited  (Kesler 
et  al.,  2000;  Levi  et  al.,  1900).  In  addition,  single-photon  emission  CT  scanning  detects  regional 
blood-flow  abnormalities  not  necessarily  related  to  structural  damage.  In  the  case  of  stroke, 
investigators  have  also  generally  recognized  the  need  for  more  objective  assessments  of 
outcome,  including  the  use  of  biochemical  markers  (DirnagI  et  al.,  1999;  Zaremba  et  al.,  2001). 
The  approval  of  tPA  as  a  treatment  for  acute  stroke  has  additionally  highlighted  the  potential 
utility  of  biochemical  markers.  For  example,  diagnosis  of  stroke  is  relatively  straightforward 
when  patients  present  with  typical  symptoms;  however,  often  symptoms  of  stroke  are  more 
subtle  and  can  delay  diagnosis  by  hours  or  days  (Elkind,  2003).  Additionally,  other  causes  of 
neurological  symptoms,  such  as  seizure,  migraine,  vasospasm,  syncope,  and  peripheral 
vestibulopathy,  can  be  indistinguishable  from  symptoms  of  thromboembolic  transient  ischemic 
attacks  (Johnston  et  al.,  2003).  Thus,  a  rapid  and  reliable  biochemical  marker  of  stroke  will 
facilitate  diagnosis  and  might  give  assurance  to  physicians  considering  administering 
thrombolytic  agents  for  treatment  of  acute  ischemic  stroke. 
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Our  laboratories’  assessment  of  all-SBDPs  as  biochemical  markers  in  models  of  TBI 
and  focal  cerebral  ischemia  may  result  in  considerable  improvement  over  currently  existing 
biochemical  markers  of  CNS  injury.  For  instance,  other  putative  biomarkers  of  CNS  injury  (e.g., 
CPK-BB,  NSE,  S-IOO3,  lactate  dehydrogenase,  etc.)  are  of  limited  value  due  to  a  lack  of 
specificity  to  CNS  tissues,  unreliability  in  predicting  outcome,  and  because  they  provide  no 
specific  information  regarding  neurochemical  pathology  of  injured  CNS  tissue.  Recent  studies 
have  also  examined  the  utility  of  cleaved  tau  protein  (ctP)  as  a  predictor  of  outcome.  However, 
while  ctP  is  axonal  specific,  it  also  provides  no  information  about  specific  neurochemical  events 
that  have  occurred  in  the  injured  CNS.  Furthermore,  recent  studies  have  presented  conflicting 
evidence  as  to  the  utility  of  ctP  as  a  predictor  of  outcome  after  TBI  in  humans  (Chatfield  et  al., 
2002;  Zemlan  et  al.,  1999).  In  contrast,  all-SBDPs  offer  several  advantages  as  compared  to  the 
putative  biomarkers  just  described.  For  instance,  all-SBDPs  provide  concurrent  information  on 
post-injury  activity  of  two  important  proteolytic  enzymes  (calpain  and  caspase-3).  Low  basal 
levels  of  these  proteases  further  optimizes  their  utility  as  markers  of  cell  injury.  Another 
important  characteristic  is  that  all-spectrin  protein  is  not  localized  in  erythrocytes  (Goodman  et 
al.,  1995;  Riederer,  et  al.,  1986).  Blood  is  a  major  source  of  CSF  contamination  after  TBI  and 
hemorrhagic  ischemia.  Results  from  our  previously  published  studies  in  TBI  clearly 
demonstrate  that  all-spectrin  and  all-SBDPs  are  not  detectable  in  whole  blood  samples.  In 
contrast,  the  erythroid  isoform  of  spectrin,  al-spectrin,  is  detectable  in  both  blood  and  brain 
tissues  (Pike  et  al.,  2001). 

However,  one  disadvantage  is  that  while  all-spectrin  is  highly  enriched  in  brain,  it  is  not 
specific  to  brain  tissue.  While  this  is  not  a  concern  for  CSF  detection  of  all-SBDPs,  it  could  be 
problematic  for  detection  of  all-SBDPs  in  serum  as  human  head-injured  patients  often  present 
with  multi-organ  trauma.  Additional  studies  in  preclinical  models  and  in  human  patients  are 
needed  to  clarify  this  issue. 


14 


An  ideal  biomarker  for  a  particular  neurological  disease  is  one  that  is  100%  specific  and 
sensitive  for  that  particular  disease.  However,  with  TBI  or  stroke,  it  is  not  critical  that  a 
biomarker  be  specific  to  one  or  the  other  disorder,  rather,  the  biomarker  need  only  indicate,  with 
as  much  sensitivity  as  possible,  the  severity  of  brain  damage  that  has  occurred  as  a  result  of 
brain  trauma  or  cerebral  infarction  (although  a  biomarker  that  can  rapidly  and  accurately 
discriminate  between  hemorrhagic  and  thrombolytic  stroke  would  certainly  be  useful).  The  use 
of  calpain-  and  caspase-3-mediated  all-SBDPs  could  provide  a  powerful  approach  for 
determining  the  severity  of  brain  damage  caused  by  a  TBI  or  stroke,  and  could  also  provide  a 
clinical  tool  for  monitoring  the  duration  of  the  acute  injury  response  and  the  effects  of 
emergency  or  therapeutic  interventions.  For  instance,  calpain  and  caspase-3  are  potent 
mediators  of  cell  death  that  can  be  rapidly  activated  in  response  to  traumatic  (Beer  et  al.,  2000; 
Pike  et  al.,  1998a;  Sullivan  et  al.,  2002)  or  ischemic  brain  injury  (Davoli  et  al.,  2002;  Zhang  et 
al.,  2002),  and  brain  regions  with  the  highest  accumulation  of  all-SBDPs  have  the  highest  level 
of  neuronal  cell  death  (Roberts-Lewis  et  al.,  1994;  Newcomb  et  al.,  1997).  Importantly,  calpain 
and  caspsase-3  can  be  concurrently  or  independently  activated  after  TBI  (Pike  et  al.,  1998a)  or 
cerebral  ischemia  (Zhang  et  al.,  2002),  and  the  temporal  duration  of  activity  can  vary  for  each 
protease.  Thus,  the  ability  to  monitor  both  calpain  and  caspase-3  activation  during  the  acute 
period  of  CNS  injury  is  a  major  advantage  of  all-SBDPs  over  other  biomarkers.  Indeed,  recent 
preliminary  data  obtained  from  CSF  of  severely  injured  TBI  patients  indicate  that  temporal 
accumulation  of  calpain-  and  caspase-3-mediated  all-SBDPs  show  different  patterns  of 
temporal  expression  that  vary  in  each  patient  (d’Avella  et  al.,  2002).  This  result  is  similar  to  our 
preclinical  TBI  and  ischemic  injury  models  in  which  accumulation  of  calpain  and/or  caspase-3 
all-SBDPs  also  varies  between  individual  animals.  This  variability  emphasizes  the 
heterogeneous  nature  of  TBI  and  ischemic  pathology,  and  points  to  important  implications  for 
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individualized  treatment  of  human  brain  injured  patients  that  is  tailored  to  specific  neurochemical 
cascades  operative  in  the  injured  brain. 

In  summary,  this  paper  provides  further  evidence  supporting  the  use  of  calpain-  and 
caspase-3-mediated  all-SBDPs  as  neurochemical  markers  of  CNS  injury.  Although  numerous 
other  proteins,  peptides,  amino  acids,  etc.,  have  been  identified  in  CSF  after  TBI  and  acute 
cerebral  ischemia,  no  such  surrogate  marker  of  CNS  injury  has  yet  provided  a  window  of  insight 
into  specific  neurochemical  events  that  have  occurred  as  a  result  of  traumatic  or  ischemic  brain 
injury.  The  use  of  protease-specific  all-SBDPs  as  biomarkers  offers  several  advantages  over 
existing  biomarkers  of  traumatic  or  ischemic  brain  injury,  including  the  ability  to  provide 
concurrent  information  about  the  activity  of  two  major  proteolytic  effectors  of  cell  death. 
Additional  studies  to  further  characterize  the  sensitivity  of  all-SBDPs  (e.g.,  in  serum  and  across 
injury  magnitudes)  are  ongoing.  In  addition,  it  is  thought  that  the  development  of  other  CNS- 
specific  biomarkers  used  in  conjunction  with  all-SBDPs  will  provide  researchers  and  clinicians 
with  powerful  tools  for  diagnosing  and  assessing  CNS  injury,  for  monitoring  recovery,  and  for 
guiding  appropriate  administration  of  therapeutic  compounds.  Finally,  it  is  thought  that  recent 
advancements  in  antibody-based  specific  identification  technologies  will  facilitate  development 
of  rapid,  sensitive,  and  easy-to-use  kits  for  research  and  clinical  environments. 
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Figure  Legends 


Figure  1.  Calpain  and  caspase-3  cleavage  of  non-erythroid  all-spectrin  to  protease-specific  all¬ 
spectrin  breakdown  products  (SBDPs) .  Illustrated  are  the  calpain  cleavages  (left)  in  all-spectrin 
that  result  in  calpain-specific  SBDPs  (150  and  145  kDa)  and  the  caspase-3  cleavages  (right)  in 
all-spectrin  that  result  in  caspase-3-specific  all-SBDPS  (150  and  120  kDa).  Both  proteases 
cleave  all-spectrin  in  repeat  11  near  the  calmodulin  binding  domain  (CaM)  to  produce  150  kDa 
all-SBDPs  with  unique  N-terminal  regions.  A  second  cleavage  by  calpain  in  repeat  11  results  in 
a  calpain-specific  145  kDa  all-SBDP,  while  caspase-3  cleaves  the  protein  in  repeat  13  to 
produce  a  unique,  apoptotic-specific  120  kDa  fragment.  For  definitively  identified  cleavages,  the 
flanking  amino  acids  and  initial  N-terminal  amino  acid  sequence  is  given. 


Figure  2.  MCAO  injury  causes  accumulation  of  full-length  all-spectrin  (280  kDa)  protein, 
and  calpain-mediated  145  kDa  and  caspase-3  mediated  120  kDa  all-SBDPs  in  CSF. 

MCAO  resulted  in  proteolysis  of  constitutively  expressed  brain  all-spectrin  (280  kDa)  in 
ipsilateral  but  not  contralateral  cortex.  The  caspase-3-mediated,  apoptotic-specific  120  kDa  all- 
SBDP  was  also  increased  in  ipsilateral  cortex  after  ischemia  compared  to  sham-injured  controls. 
Marked  increases  in  the  calpain-specific  145  kDa  all-SBDP  were  detected  in  brain  and  CSF  of 
MCAO  animals,  but  not  in  sham-injured  animals,  at  all  time  points.  Interestingly,  while  increased 
levels  of  the  caspase-3-specific  120  kDa  all-SBDP  were  detected  at  all  post-injury  time  points  in 
the  ipsilateral  cortex,  CSF  levels  were  only  detected  at  48  hours  post-injury. 
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Figure  3.  Mean  (±  s.d.)  arbitrary  densitometric  units  obtained  from  full-length  280  kDa  all¬ 
spectrin  protein  and  the  150  kDa,  145  kDa,  and  120  kDa  all-SBDPs.  Densitometric  units 
were  converted  to  percent  of  sham-injured  values.  Decreases  in  280  kDa  all-spectrin  and 
increases  in  150  kDa,  145  kDa,  and  120  kDa  all-SBDPs  (ipsilateral  cortex)  were  associated 
with  concomitant  increases  of  these  proteins  in  the  CSF.  Note  that  while  150  kDa  and  145  kDa 
SBDPs  were  visibly  detectable  in  CSF  on  western  blot  at  24  hours  post-injury,  densitometric 
levels  were  not  statistically  significant  due  to  greater  variability  at  this  time  point.  Similarly, 
although  the  full-length  280  kDa  spectrin  protein  and  the  120  kDa  all-SBDPs  were  visibly 
detectable  in  CSF,  large  variability  in  protein  levels  between  animals  resulted  in  inability  to 
detect  statistical  significance.  *p<0.05  and  ***p<0.001 . 

Figure  4.  Mean  {±  s.d.)  cortical  vs.  CSF  levels  of  all-spectrin  (280  kDa)  and  all-SBDPs 
(150,  145,  and  120  kDa)  over  days  post-injury.  Least  squares  regression  lines  of  brain  and 
CSF  spectrin  and  SBDP  levels  were  plotted  on  the  same  graph.  Pearson  correlation 
coefficients  for  each  regression  line  are  indicated.  Results  indicate  that  parenchymal  decreases 
in  levels  of  native  all-spectrin  (280  kDa)  are  associated  with  increases  in  CSF  accumulation 
while  increased  parenchymal  levels  of  calpain-mediated  all-SBDPs  (150  &  145  kDa)  are 
associated  with  increased  CSF  accumulation.  On  average,  there  were  no  changes  in 
parenchymal  or  CSF  levels  of  the  caspase-3-mediated  120  kDa  all-SBDP  across  days. 
However,  individual  rats  at  different  time  points  (particularly  48  hours  post-injury)  showed  some 
increase  in  CSF  levels  of  the  120  kDa  product. 
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Abstract 

Although  a  number  of  increased  CSF  proteins  have  been 
correlated  with  brain  damage  and  outcome  after  traumatic 
brain  injury  (TBI),  a  major  limitation  of  currently  tested 
biomarkers  is  a  lack  of  specificity  for  defining  neuropatholo- 
gical  cascades.  Identification  of  surrogate  biomarkers  that  are 
elevated  in  CSF  in  response  to  brain  injury  and  that  offer 
insight  into  one  or  more  pathological  neurochemical  events 
will  provide  critical  information  for  appropriate  administration 
of  therapeutic  compounds  for  treatment  of  TBI  patients.  Non- 
erythroid  all-spectrin  is  a  cytoskeletal  protein  that  is  a 
substrate  of  both  calpain  and  caspase-3  cysteine  proteases. 
As  we  have  previously  demonstrated,  cleavage  of  all-spectrin 
by  calpain  and  caspase-3  results  in  accumulation  of  protease- 
specific  spectrin  breakdown  products  (SBDPs)  that  can  be 
used  to  monitor  the  magnitude  and  temporal  duration  of 
protease  activation.  However,  accumulation  of  all-spectrin 
and  all-SBDPs  in  CSF  after  TBI  has  never  been  examined. 
Following  a  moderate  level  (2.0  mm)  of  controlled  cortic^ 


iP 


C5^ 


impact  TBI  in  rodents,  native  all-spectrin  protein  was 
decreased  in  brain  tissue  and  increased  in  CSF  from  24  h  to 
72  h  after  injury.  In  addition,  calpain-specific  SBDPs  were 

observed  to  increase  in  both  brain  and  CSF  after,  injury.  /  .  , 

Increases  in  the  calpain-specific  145  kDa  SBDI^^^^l237%,  vJ 

203%  and  198%jof  sham-injured  control  animals  at  24  h,  48  h 

and  72  h  after  TBI,  respectively.  The  caspase-3-specific  ^  ->  I  j  ' 

SBDP  was  observed  to  increase  in  CSF  in  some  animals 

and  to  a  lesser  degree.  Importantly,  levels  of  these  proteins 

were  undetectable  in  CSF  of  uninjured  control  rats.  These 

results  indicate  that  detection  of  all-spectrin  and  all-SBDPs  is 

a  powerful  discriminator  of  outcome  and  protease  activation 

after  TBI.  In  accord  with  our  previous  studies,  results  also 

indicate  that  calpain  may  be  a  more  important  effector  of  cell 

death  after  moderate  TBI  than  caspase-3. 

Keywords;  calpain,  caspase-3,  cell  death,  cerebrospinal  fluid, 
spectrin,  traumatic  brain  injury. 

J.  Neurochem.  (2001)  78,  1-11. 


The  incidence  of  traumatic  brain  injury  (TBI)  in  the  United 
States  of  America  is  conservatively  estimated  to  be  more 
than  2  million  persons  annually  with  approximately  500  000 
hospitalizations  (Goldstein  1990).  Of  these,  about  70  000- 
90  000  head  injury  survivors  are  permanently  disabled.  The 
annual  economic  cost  to  society  for  care  of  head-injured 
patients  is  estimated  at  $25  billion  (Goldstein  1990).  Thus, 
accurate  and  reliable  measurement  of  outcome  following 
head  injury  is  of  great  interest  to  both  head  injury  survivors 
and  clinicians.  Assessment  of  pathology  and  neurological 
impairment  immediately  after  TBI  is  crucial  for  determina¬ 
tion  of  appropriate  clinical  management  and  for  predicting 
long-term  outcome.  The  outcome  measures  most  often 


used  in  head-injured  patients  are  the  Glasgow  Coma  Scale 
(GCS),  the  Glasgow  Outcome  Scale  (GOS),  and  computed 
tomography  (CT)  scans  to  detect  intracranial  pathology. 
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However,  despile  dramatically  improved  emergency  triage 
systems  based  on  these  outcome  measures,  most  TBI 
survivors  suffer  long-term  (for  a  number  of  years)  impair¬ 
ment,  and  a  large  number  of  TBI  survivors  are  severely 
affected  by  TBI  despite  predictions  of  ‘good  recovery'  on 
the  GOS  (Marion  1996).  Becauise  of  the  limitations  of 
current  clinical  assessments  of  TBI  severity,  there  has  been 
an  increased  interest  in  the  devetapment  of  neurochenical 
markers  for  determining  injury  severity  and  for  clinical 
evaluation  of  pathophysiological  mechanisms  operative  in 
traumatized  brain. 

For  example,  TBI  results  in  neuronal  tissue  death  that  can 
cause  a  variety  of  neurochemicals  such  as  amino  acids,  ions 
and  lactate,  as  well  as  a  number  of  cellular  proteins  and 
enzymes,  to  be  released  into  the  blood  and  CSF  (Goodman 
and  Simpson  1996).  Although  assessment  of  cardiac  and 
liver  protein  levels  in  the  blood  has  routinely  been  used  in 
medical  practice  for  years  (e.g.  creatine  kinase  MB  or 
troponin-T),  assessment  of  CNS  proteins  in  blood  or  CSF  is 
far  less  developed.  Thu.s,  recent  studies  have  measured  a 
variety  of  neuroclumieal  substances  in  the  CSF  or  blood  in 
attempt  to  identify  specific  surrogate  markers  of  cellular 
damage  and  outcome  after  TBI  and  other  CNS  disorders 
( Haber  and  Gros.sman  1980;  Inaoe/o/.  1988;  Robinson  era/. 
1990;  Lyeth  et  al.  1993;  Raabe  and  Seifert  1999;  Raabe 
er  al.  1999;  Zcmlan  et  al.  1999;  Clark  et  al.  2000a;  Tapiola 
et  al.  2000).  For  example,  creatine  kinase  BB,  lactate 
dehydrogenase,  myelin  basic  protein,  and  neuron-specific 
enolase  have  been  measured  in  blood  or  CSF  in  various  CNS 
disorders  including  TBI.  However,  these  proteins  are  non¬ 
specific  to  the  brain,  offer  no  insight  as  to  mechanism  of 
injury,  and/or  prediction  of  outcome  utilizing  these  proteins 
has  not  proven  reliable  (Goodman  and  Simpson  1996). 
Other  proteins  detected  in  CSF  after  brain  injury  such  as 
S-IOOB  are  highly  specific  to  the  CNS  and  have  been  more 
robustly  correlated  with  outcome  (Raabe  and  Seifert 
1999;  Raabe  et  al.  1999).  Although  brain-specific  surrogate 
biomarkers  like  S-IOOB  may  be  useful  indicators  of  outcome 
after  brain  injury,  detection  of  these  proteins  in  blood  or 
CSF  offers  no  insight  into  neurochemical  alterations  that 
mediate  brain  damage  after  TBI.  Thus,  identification  of 
neurochemical  markers  that  are  specific  to  the  CNS  and  that 
provide  information  about  specific  ongoing  neurochemical 
events  would  prove  immensely  beneficial  for  both  prediction 
of  outcome  and  for  guidance  of  targeted  therapeutic 
delivery. 

Non-erythroid  all-spcctrin  is  the  major  structural  compo¬ 
nent  of  the  cortical  membrane  cytoskeleton,  is  particularly 
abundant  in  axons  and  presynaplic  terminals  (Riederer  et  al. 
1986;  Goodman  et  al.  1995),  and  is  a  major  substrate  for 
both  calpain  and  caspa.se-3  cysteine  proteases  (Wang  et  al. 
1998).  The  calpain-mediated  cleavage  of  all-spectrin  occurs 
between  Tyr"’*  and  Gly"’’  resulting  in  the  formation  of 
calpain-signature  spectrin  breakdown  products  (SBDPs)  of 


150  and  145  kDa  (Harris  et  al.  1988).  The  caspase-3- 
mediated  cleavages  of  all-spectrin  occur  at  Asp"** ,  Ser"** , 
Asp"’*  and  Ser"”  resulting  in  the  formation  of  caspase-3- 
signature  SBDPs  of  150  and  120  kDa,  respectively  (Wang 
et  al.  1998).  Importantly,  numerous  investigations  have 
documented  increased  pathological  activation  of  calpain 
and/or  caspase-3  proteases  after  TBI  (Saatman  et  al.  1996a, 
2000;  Kampfl  et  al.  1997;  Newcomb  et  al.  1997;  Posmantur 
et  al.  1997;  Yakovlev  et  al.  1997;  Pike  et  al.  1998a;  Clark 
et  al.  1999,  2000b;  LaPlaca  et  al.  1999;  Okonkwo  et  al. 
1999;  Zhang  et  al.  1999;  Beer  et  al.  2000;  Buki  et  al.  2000). 
In  addition,  our  laboratory  and  others  have  provided 
extensive  evidence^^all-spectrin  is  processed  by  calpains 
and/or  caspase-3  to  signature  cleavage  products  in  vivo  after 
TBI  (Beer  et  al.  2000;  Newcomb  et  al.  1997;  Pike  et  al. 
1998a;  Buki  et  al.  2000)  and  in  in  vitro  models  of 
paechanical  .stretch  injury  (Pike  et  al.  2000b).  necrosis 
(Zhao era/.  1999),  apoptosis  (Nath  et  al.  1996a,  1996b;  Pike 
h  al.  1 998b),  glutamate  or  NMDA  excitotoxicity  (Nath  et  al. 
2000;  Zhao  et  al.  2000),  and  oxygen-glucose  deprivation 
(Nath  et  al.  1998;  Newcomb  et  al.  1998).  Moreover,  use  of 
selective  all-SBDP  antibodies  has  been  used  to  demonstrate 
that  brain  regions  with  the  highest  accumulation  of 
SBDPs  also  have  the  highest  levels  of  neuronal  cell  death 
(Roberts-Lewis  er  a/.  1994;  Newcomb  era/.  1997).  Thus,  the 
ubiquitous  distribution  of  all-spectrin  in  the  brain  coupled 
with  the  ability  to  utilize  signature  all-spectrin  proteolytic 
fragments  generated  by  pathological  activation  of  calpain 
and/or  caspase-3  after  TBI  makes  all-spectrin  a  potentially 
important  biomarker  of  brain  damage.  To  test  this  hypo¬ 
thesis,  the  present  investigation  examined  alterations  in 
brain  levels  of  all-spectrin  and  all-SBDPs  after  controlled 
cortical  impact  TBI  in  rodents,  and  compared  these  changes 
to  accumulation  of  all-spectrin  and  all-SBDPs  in  CSF  in 
the  same  animals. 


Materials  and  methods 

Surgical  Preparation  and  controlled  cortical  impact  traumatic 
brain  iiyury 

As  previously  described  (Dixon  et  al.  i991;  Pike  et  al.  1998a).  a 
cortical  impact  injury  device  was  used  to  produce  TBI  in  rodents. 
Cortical  impact  TBI  results  in  conical  defonnalion  within  the 
vicinity  of  the  impactor  tip  associated  with  contusion,  and  neuronal 
and  axonal  damage  that  is  constrained  in  the  hemisphere  ipsilateral 
to  the  site  of  injury  (GennarelU  1994;  Mcaney  et  al.  1994).  Adult 
male  (280-300  g)  Sprague-Dawley  rats  (Harlan;  Indianapolis,  IN, 
USA)  were  initially  anesthetized  with  4%  isofluranc  in  a  carrier  gas 
of  1  :  1  0;/N20  (4  min)  followed  by  maintenance  anesthesia  of 
2.5%  isofluranc  in  the  same  carrier  gas.  Core  body  temperature  was 
monitored  continuously  by  a  rectal  thermistor  probe  and  main¬ 
tained  at  37  ±  rc  by  placing  an  adjustable  temperature  controlled 
heating  pad  beneath  the  rats.  Animals  were  mounted  in  a 
stereotactic  frame  in  a  prone  position  and  secured  by  car  and 
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incisor  bars.  A  midline  cranial  incision  was  made,  the  soft  tissues 
were  reflected,  and  a  unilateral  (ipsilatcral  to  site  of  impact) 
craniotomy  (7  mm  diameter)  was  performed  adjacent  to  the  central 
suture,  midway  between  bregma  and  lambda.  The  dura  mater  was 
kept  intact  over  the  cortex.  Brain  trauma  in  rats  (n  =  9)  was 
produced  by  impacting  the  right  cortex  (ipsilateral  conex)  with  a 
5-mm  diameter  aluminum  impactor  tip  (housed  in  a  pneumatic 
cylinder)  at  a  velocity  of  3.5  m/s  with  a  2.0-mm  compression  and 
150  ms  dwell  time  (compression  duration).  Velocity  was  controlled 
by  adjusting  the  pressure  (compressed  N2)  supplied  to  the 
pneumatic  cylinder.  Velocity  and  dwell  time  were  measured  by  a 
linear  velocity  displacment  transducer  (Lucas  Shaevitz”  model 
500  HR;  Detroit.  MI,  USA)  that  produces  an  analogue  signal  that 
was  recorded  by  a  storage-trace  oscilloscope  (BK  Precision,  model 
2522B;  Placentia,  CA,  USA).  Sham-injured  animals  (n  =  4) 
underwent  identical  surgical  procedures  but  did  not  receive  an 
impact  injury.  Appropriate  pre-  and  post-injury  management  was 
maintained  to  insure  that  all  guidelines  set  forth  by  the 
University  of  Florida  Institutional  Animal  Care  and  Use  Committee 
and  the  National  Institutes  of  Health  guidelines  detailed  in  the 
Guide  for  the  Care  and  u.se  of  Laboratory  Animals  was 
complied  with. 

CSF  and  cortical  tissue  preparation 

The  CSF  and  brain  cortices  were  collected  from  animals  at  various 
intervals  after  sham-injury  or  TBl.  At  the  appropriate  time-points, 
TBI  or  sham-injured  animals  were  anesthetized  as  described  above 
and  secured  in  a  stereotactic  frame  with  the  head  allowed  to  move 
freely  along  the  longitudinal  axis.  The  head  was  flexed  so  that  the 
external  occipital  protuberance  in  the  neck  was  prominent  and  a 
dorsal  midline  incision  was  made  over  the  cervical  vertebrae  and 
occiput.  The  atlanto-occipital  membrane  was  exposed  by  blunt 
dissection  and  a  25G  needle  attached  to  polyethylene  tubing  was 
carefully  lowered  into  the  cisterna  magna.  Approximately 
0.1-0.15  mL  of  CSF  was  collected  from  each  rat.  Following  CSF 
collection,  animals  were  removed  from  the  stereotactic  frame 
and  immediately  killed  by  decapitation.  Ipsilatcral  and  contralateral 
(to  the  impact  site)  cortices  were  then  rapidly  dissected,  rinsed 
in  ice  cold  PBS.  and  snap  frozen  in  liquid  nitrogen.  Cortices 
beneath  the  craniotomies  were  excised  to  the  level  of  the  white 
matter  and  extended  —4  mm  laterally  and  —7  mm  rostrocaudally. 
The  CSF  samples  were  centrifuged  at  4000  g  for  4  min  at  4°C  to 
clear  any  contaminating  erythrocytes.  Cleared  CSF  and  frozen 
tissue  samples  were  stored  at  —  80°C  until  ready  for  use. 
Cortices  were  homogenized  in  a  glass  tube  with  a  Teflon  dounce 
pestle  in  15  volumes  of  an  ice-cold  triple  detergent  lysis 
buffer  (20  msi  HEPF,S,  I  msi  EDTA,  2  m.M  EGTA,  150  mst 
NaCl,  0.1%  SDS,  1.0%  IGEPAL  40,  0.5%  deoxycholic  acid, 
pH  7.5)  containing  a  broad  range  protease  inhibitor  cocktail  (cat. 
#l-836-145Roche  Molecular  Biochemieals,  Indianapolis.  IN. 
USA). 

Imniunoblol  analyses  of  CSF  and  cortical  tissues 
Protein  concentrations  of  tissue  homogenates  and  CSF  were 
determined  by  bicinchoninic  acid  microprotein  assays  (Pierce 
Inc.,  Rockford.  IL,  USA)  with  albumin  standards.  Protein  balanced 
samples  were  prepared  for  sodium  dodecyl  sulfate-polyacrylamide 
gel  electrophoresis  (SDS-PAGE)  in  twofold  loading  buffer 
containing  0.25  M  Tris  (pH  6.8).  0.2  m  DTT.  8%  SDS.  0.02% 


bromophenol  blue,  and  20%  glycerol  in  distilled  H^O.  Samples 
were  heated  for  10  min  at  100°C  and  centrifuged  for  1  min  at 
10  000  r.p.n^in  a  microcentrifuge  at  ambient  temperature.  Forty  Q1 
micrograms  of  protein  per  lane  was  routinely  resolved  by  SDS- 
PAGE  on  6.5%  Tris/glycine  gels  for  1  h  at  200  V.  Following 
electrophoresis,  separated  proteins  were  laterally  transferred  to 
polyvinylidene  fluoride  (PVDF)  membranes  in  a  transfer  buffer 
containing  0.192  .M  glycine  and  0.025  st  Tris  (pH  8.3)  with  10% 
methanol  at  a  constant  voltage  of  100  V  for  1  h  at  4°C.  Blots  were 
blocked  for  I  h  at  ambient  temperature  in  5%  non-fat  milk  in  TBS 
and  0.05%  Tween-20.  Panccau  Red  (Sigma.  St  Louis.  MO,  USA) 
was  used  to  stain  membranes  to  confirm  successful  transfer  of 
protein  and  to  insure  that  an  equal  amount  of  protein  was  loaded  in 
each  lane. 


9/iO^ 


Antibodies  and  immunolabeling  of  PVDF  membranes 
Immunoblots  containing  brain  or  CSF  protein  were  probed  with  an 
anti-a-'spectrin  (fodrin)  monoclonal  antibody  (FG  6090  Ab:  clone 
AA6;  cat.  #  FG  6090;  Afliniti  Research  Products  Limited.  UK)  that 
detects  intact  non-erythroid  all-spectrin  (280  kDa)  and  150,  145 
and  120  kDa  cleavage  fragments  to  all-spectrin.  A  cleavage 
product  of  1 50  kDa  is  initially  produced  by  calpains  or  caspase-3 
proteases  (each  proteolytic  cleavage  yields  a  unique  amino- 
terminal  region;  Nath  et  al.  199^^  Wang  ei  al.  1998).  The 
calpain-generated  150  kDa  product  is  further  cleaved  by  calpain  to 
yield  a  specific  calpain  signature  product  of  145  kDa  (Harris  et  al. 
1988;  Nath  et  al.  1996a,b)  whereas  the  caspase-3  generated 
150  kDa  product  is  further  cleaved  by  caspase-3  to  yield  a  specific 
caspase-3  signature  product  of  120  kDa  (Nath  et  al.  1998;  Wang 
et  al.  1998).  To  further  confirm  the  specificity  of  calpain-cleaved 
specuin  in  CSF  after  TBI.  a  second  antibody  (anti-SBDP150;  rabbit 
polyclonal)  that  recognizes  only  the  calpain-cleaved  N-terminal 
region  (GMMPR)  of  the  150  kDa  all-spectrin  breakdown  product 
(SBDP)  was  also  used  (Saido  et  al.  1993;  Nath  et  al.  1996b).  Some 
immunoblots  were  immunolabeled  with  an  antibody  that  recognizes 
erythrokl  al-spectrin  (Cat.#  BYA10881;  Accurate  Chemical  & 
Scientific  Cotp.  Westbury,  NY,  USA).  Following  an  overnight 
incubation  at  4'C  with  the  primary  antibodies  (FG  6090  Ab, 
I  :  4000  for  brain  tissue  and  I:  2000  for  CSF;  SBDP150  Ab, 
I  :  1000;  BYA10881,  1  :  4(X)),  blots  were  incubated  for  1  h  at 
ambient  temperature  in  3%  non-fat  milk  that  contained  a 
horseradish  peroxidase-conjugated  goat  anti-mouse  IgG 
(1  :  10  000  dilution)  or  goat-anti-rabbit  IgG  (1  :  3000).  Enhanced 
chemiluminescence  (ECL;  Amersham)  reagents  were  used  to 
visualize  immunolabeling  on  Kodak  Biomax  ML  chemilumines¬ 
cent  film. 


Q2 

^  /i  (j 
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Statisitical  analyses 

Semi-quandtative  evaluadon  of  protein  levels  detected  by  immun- 
blotting  was  performed  by  computer-assisted  densitometric  scan¬ 
ning  (Alphalmager  2000;  Digital  Imaging  System,  San  Leandro, 
CA.  USA).  Data  were  acquired  as  integrated  densitometric  values 
and  transformed  to  percentages  of  the  densitometric  levels  obtained 
on  scans  from  sham-injured  animals  visualized  on  the  same  blot. 
Data  was  evaluated  by  least  squares  linear  regression  followed  by 
ANOVA.  All  values  are  given  as  mean  i  SEM.  Differences  were 
considered  significant  if  p  <  0.05. 
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Results 

Proteolysis  of  all-spectrin  in  the  cortex  by  calpain,  but 
not  caspase-3  after  TBI 

In  the  ipsilateral  cortex,  TBI  resulted  in  decreased  protein 
levels  of  all-spectrin  (280  kDa)  that  were  associated  with 
concomitant  accumulation  of  calpain-generated  150  and 
145  kDa  all-SBDPs  (Fig.  1).  However,  there  was  little  to  no 
detectable  increase  in  the  caspase-3-gcnearatcd  120  kDa 
all-SBDP.  These  results  replicate  our  previous  investigation 
that  reported  calpain  but  not  caspase-3  processing  of 
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Fig.  1  Traumatic  brain  injury  (TBi)  results  in  prominent  accumula¬ 
tion  of  all-spectrin  (280  kDa)  and  calpain-cleaved  150  kOa  and 
145  kDa  oll-SBDPs  in  CSF  (FG  6090  Ab).  The  caspase-3  generated 
120  kDa  fragment  was  also  apparent  in  CSF  of  some  animals.  TBI 
caused  proteolysis  of  constitutivefy  expressed  brain  all-spectrin 
(280  kDa)  in  ipsilalerat  but  not  contralateral  cortex.  Increases  in  the 
caspase-3-mediated  120  kDa  all-SBDP  were  not  as  apparent  in  Ipsl- 
lateral  or  contralateral  cortex  after  TBI.  Immunolabeling  of  additional 
unknown  bands  at  -110  kDa  and  95  kDa  were  also  detected  in 
CSF  at  48  h  and  72  h  after  injury.  goBTCSFI  and  CSF2  are  from 
two  separate  series  of  animals  shown  to  illustrate  that  there  was 
more  variability  in  CSF  levels  of  SBDPs  than  in  brain  levels,  which 
may  reflect  individual  differences  in  injury  severity. 

/XleW '  bo'i'k 


all-spectrin  following  a  moderate  level  of  lateral  controlled 
cortical  impact  TBI  (Pike  ei  al.  1998a).  Decreased  otll- 
spectrin  (280  kDa)  protein  levels  were  65%,  48%  and  39% 
of  sham-injured  protein  levels  at  24  h,  48  h,  and  72  h  after 
TBI.  respectively  (Fig.  2).  Increased  150  kDa  all-SBDP 
levels  were  189%,  157%,  and  153%  of  sham-injured  levels 
at  24  h,  48  h  and  72  h  after  TBI,  respectively,  while 
increased  145  kDa  oilI-SBDP  levels  were  237%,  203% 
and  198%  of  sham-injured  levels  at  24  h,  48  h  and  72  h 
after  TBI,  respectively  (Fig.  2). 

In  the  contralateral  cortex,  traumatic  brain  injury  resulted 
in  no  apparent  alteration  in  protein  levels  of  all-spectrin 
(280  kDa)  or  in  any  apparent  accumulation  of  calpain- 
generated  150  or  145  kDa  all-SBDPs,  or  in  caspase-3 
generated  120  kDa  all-SBDP  as  compared  to  sham-injured 
control  animals  (Fig.  1).  These  results  are  also  in  accord 
with  our  previous  report  that  calpain-mediated  processing  of 
oill-spectrin  is  predominately  confined  to  ipsilateral  brain 
rigions  after  moderate  lateral  controlled  cortical  impact  TBI 
(Newcomb  et  al.  1997;  Pike  et  al.  1998a). 
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Fig.  2  Mean  arbitrary  densilometric  units  obtained  from  280  kDa 
all-spectrin  and  the  150  kDa  and  145  kDa  oll-SBDPs  were  con¬ 
verted  to  percent  of  sham-injured  values.  Decreases  in  280  kDa 
all-spectrin  and  increases  in  150  kDa  and  145  kDa  all-SBDPs  (ipsi¬ 
lateral  cortex)  were  associated  with  concomitant  increases  of  these 
proteins  in  the  CSF.  Mean  accumulation  of  the  caspase-3  generated 
120  kDa  fragment  in  these  tissues  was  relatively  flat. 


©  2001  International  Society  for  Neurochemistry.  Journal  of  Neurochemistry.  78.  1-11 


JNC 

510  JNC  jn6498  CD  16/7/1  19:57  ALDEN 

all-Spectrin  in  CSF  5 


TBI 

sham  24h  48h  72h  7  days 


.  (calpain^paciflc) 


Fig.  3  N-terminal  fragment-specific  detection  of  calpain-generated 
SBDP150  in  CSF  after  traumatic  brain  injury  (SBDP150  Ab).  (a)  As 
with  the  FG  6090  Ab,  the  SBDP150  Ab  detected  a  progressive 
increase  in  the  calpain-cleaved  150  kDaA  SBDP  from  24  h  to  72  h 
after  TBI.  Levels  of  150  kDa  SBDP  had  resolved  to  sham-injured 
control  levels  by  seven  days  after  TBI.  (b)  Mean  arbitrary  densito- 
metric  units  of  SBOP150  levels  detected  with  anti-S8DP150  Ab. 


Accumulation  of  calpain-mediated  oiII-SBDPs  in  CSF 
after  TBI 

Imtnunoblot  analysc.s  of  CSF  levels  of  non-erytlroid 
all-spectrin  and  all-SBDPs  (FG  6090  Ab)  showed  no 
detectable  levels  of  these  proteins  in  CSF  of  sham-injured 
control  animals  (Fig.  1).  However,  after  TBI.  accumulation 
of  all-spectrin  (280  kDa)  and  calpain-generacd  150  and 
145  kDa  SBDPs  were  markedly  increased  at  24  h,  48  h  and 
72  h,  after  injury  (Fig.  1).  In  addition,  there  was  an  increase 
in  the  caspase-3-generated  120  kDa  fragment  in  one  animal 
at  48  h  after  TBI,  and  in  another  animal  at  72  h  after  TBI 
(Fig.  1).  Accumulation  of  all-spectrin  (280  kDa)  protein 
levels  was  143%,  212%,  and  379%  of  sham-injured  animals 
at  24  h,  48  h,  and  72  h  after  TBI,  resfiectively  (Fig.  2). 
Similarly,  accumulation  of  150  kDa  all-SBDP  after  TBI 
was  155%,  434%,  and  583%  of  sham-injured  levels  at  24  h, 
48  h,  and  72  h,  respectively,  while  accumulation  of 
145  kDa  all-SBDP  after  TBI  was  244%,  530%,  and  665% 
of  sham-injured  levels  at  24  h,  48  h  and  72  h,  re.spectively 
(Fig.  2).  In  contrast,  although  accumulation  of  the  caspase-3 
cleaved  120  kDa  fragment  was  detected  in  two  animals,  the 
average  response  was  relatively  flat.  In  addition,  several 
lower  molecular  weight  species  of  all-spectrin  were 
detected.  The  protease(s)  responsible  for  these  lower 
molecular  weight  fragments  are  currently  unknown.  How¬ 
ever,  future  identification  of  these  bands  may  provide 
important  new  information  regarding  other  neurochemical 
events  in  the  brain  after  TBI. 

To  provide  further  confirmation  of  calpain-generated 
all-SBDP  accumulation  in  CSF  after  TBI,  an  additional 
group  of  animals  (n  =  5  per  time-point)  was  injured  as 
described  above  and  immunobloLs  of  CSF  samples  were 
probed  with  anti-SBDPi50  Ab.  In  this  experimenL  an 


additional  time-point  (7  days  post-TBI)  was  also  examined. 

The  SBDP150  Ab  specifically  recognizes  only  the  calpain- 

cleaved  150  kDa  all-spectrin  fragment  and  does  not 

recognize  the  intact  280  kDa  protein  or  other. proteolytic 

fragments  (Saido  et  a!.  1993;  Nath  el  at.  (f99^  Results  Q4  C  -fz)  ' 

with  the  SBDP150  Ab  were  nearly  identical  to  those 

obtained  with  the  FG-6090  Ab  (Fig.  3).  The  calpain-cleaved 

150  kDa  SBDP  was  nearly  undetectable  in  CSF  of  sbam- 

injured  animals,  and  a  progressive  increase  in  immunor- 

eactivity  was  observed  from  24  h  to  72  h  after  TBI. 

Importantly,  this  experiment  also  demonstrated  that  levels 
of  calpain-cleaved  150  kDa  SBDP  were  decreased  back  to 
sham-injured  control  levels  by  seven  days  after  TBI  (Fig.  3). 

Linear  regression  analyses  of  Cortical  versus  CSF  levels 
of  all-spectrin  and  all-SBDPs 

Least  squares  linear  regression  was  calculated  to  determine 
the  relationship  between  brain  and  CSF  levels  of  all- 
spectrih  and  all-SBDPs  over  days  post-injury.  The  slope  of 
the  regression  lines  for  all-spectrin  and  all-SBDPs  in  brain 
and  CSF  were  analyzed  by  ANOVA. 

For  cortical  levels  of  280  kDa  all-spectrin  protein,  the 
slope  of  the  regression  line  was  relatively  steep  and  negative 
indicating  large  decreases  over  days  in  cortical  levels  of 
native  all-.spectrin  protein  (Fig.  4).  In  contrast,  the  slope  of 
the  regression  line  for  CSF  levels  of  280  kDa  all-spectrin 
was  relatively  steep  and  positive  indicating  large  increases 
over  days  in  CSF  levels  of  all-spectrin  protein  after  TBI.  In 
addition,  ANOVA  indicated  that  there  was  a  significant 
difference  (F  =  19.95,  p  <  0.001)  between  cortical  and 
CSF  slofies  for  280  kDa  all-spcctrin  protein  level.  This 
significance  indicates  that  as  brain  levels  of  all-spectrin 
decrease  over  days.  CSF  levels  of  all-spectrin  increase  over 
days. 

For  cortical  and  CSF  levels  of  150  kDa  all-SBDP,  both 
slopes  of  the  regressions  lines  were  positive  indicating  large 
increases  in  the  calpain-cleaved  1 50  kDa  all-SBDP  in  brain 
and  CSF  over  days  (Fig.  4).  ANOVA  indicated  no 
significant  difference  (F  =  1.86,  p  =  0.  1873)  between 
slopes  indicating  that  the  relative  accumulation  of  150  kDa 
all-SBDP  in  cortex  and  CSF  were  similar.  However,  the 
slope  for  CSF  150  kDa  all-SBDP  was  relatively  steeper 
than  the  slope  for  cortical  150  kDa  all-SBDP.  This  result 
reflects  the  densitometric  data  (Fig.  2)  indicating  that  in  the 
cortex,  peak  levels  of  the  150  kDa  all-SBDP  accumulated 
rapidly  (24  h)  and  were  maintained  at  48  h  and  72  h  post¬ 
injury.  This  result  also  reflects  densitometric  data  (Fig.  2) 
indicating  that  CSF  levels  of  the  150  kDa  all-SBDP 
accumulated  more  slowly  early  after  injury  (24  h)  with  a 
greater  rate  of  further  accumulation  at  48  h  and  72  h  post¬ 
injury.  Observed  statistical  differences  in  accumulation  rates 
can  be  appreciated  visually  in  the  immunoblot  data  (Fig.  1). 

The  stability  of  all-spectrin  and  all-SBDPs  in  CSF  may  be 
increased  due  to  lack  of  endogenous  proteases.  For  example. 
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Cortkai  varsus  CSF  alt-Spactrin  or  S9DP  Lavtl$ 


Fig.  4  Cortical  versus  CSF  levels  of  all-spectrin  (280  kDa)  and 
all-SBDPs  (tSO.  145,  and  120  kOa)  over  days  post-injury.  Least 
squares  regression  lines  of  brain  and  CSF  spectrin  and  SBDP  levels 
were  plotted  on  the  same  graph.  Pearson  correlation  coefficients  for 
each  regression  line  are  indicated.  Results  indicate  that  parenchymal 
decreases  in  levels  of  native  all-spectrin  (280  kOa)  are  associated 

when  CSF  from  TBl  animals  was  stored  in  individual 
aliquots  at  either  —  85°C  or  at  ambient  laboratory  tempera¬ 
ture  (~26°C)  without  protease  inhibitors  for  48  h,  all-SBDP 
levels  from  ambient  temperature  aliquots  were  only 
decreased  by  28%  compared  to  aliquots  stored  at  —  85'’C 
(Fig.  5).  Importantly,  the  relative  stability  of  all-SBDP 
protein  in  CSF  at  ambient  temperature  further  indicates  this 
protein  as  a  useful  biomarker  after  TBI. 

For  cortical  and  CSF  levels  of  calpain-cleaved  145  kDa 
all-SBDP.  both  slopes  of  the  regression  lines  were  steep  and 

48  h  storage  temperature 
-  B5°C  ambient 

150  kDa-  mmrnm 

Fig.  5  Stability  of  all-SBDP  In  CSF  after  prolonged  storage  in  the 
absence  of  protease  Inhibitors  at  ambient  laboratory  temperature. 
The  all-SBDP  protein  levels  only  decreased  by  28%  when  stored  at 
ambient  temperature  (~26°C)  for  48  h  compared  to  identical  sam- 
•  pies  stored  at  -8S°C  for  48  h.  These  results  indicate  that  all- 
SBDPs  in  CSF  are  relatively  stable  at  room  temperature.  This  is  an 
important  practical  consideration  for  clinical  utility. 


with  increases  in  CSF  accumulation  while  increased  parenchymal 
levels  of  calpaln-mediated  all-SBDPs  (150  and  145  kDa)  are  asso¬ 
ciated  with  increased  CSF  accumulation.  On  average,  there  were  no 
changes  in  parenchymal  or  CSF  levels  of  the  caspase-3-medialed 
120  kDa  all-SBDP,  although  individual  rats  at  different  time  points 
showed  some  Increase  In  CSF  levels  of  the  120  kDa  product. 

positive  indicating  large  increases  in  the  145  kDa  all-SBDP 
in  brain  and  CSF  over  days  (Fig.  4).  ANOVA  indicated  no 
significant  difference  (^=0.69,  p  =  0.4153)  between 
slopes  indicating  that  the  relative  accumulation  of 
145  kDa  all-SBDP  in  cortex  and  CSF  were  similar  as 
compared  to  the  respective  controls.  Comparison  of  slopes 
for  150  kDa  and  145  kDa  all-SBDPs  in  the  brain  revealed 
that  the  slope  of  the  brain  145  kDa  all-SBDP  over  days  was 
considerably  steeper  than  the  slope  of  the  brain  150  kDa 
all-SBDP.  This  result  indicates  that  brain  145  kDa  all- 
SBDP  protein  levels  accumulate  at  a  greater  rate  over  days 
than  brain  150  kDa  all-SBDP  protein  levels.  This  observa¬ 
tion  is  most  likely  the  result  of  lower  basal  levels  of  brain 
145  kDa  all-SBDP  than  brain  150  kDa  all-SBDP  in  sham- 
injured  animals  and  of  continued  calpain  digestion  of  the 
larger  150  kDa  all-SBDP  to  the  smaller  145  kDa  all-SBDP 
over  time. 

For  cortical  and  CSF  levels  of  caspase-3-cbaved  120  kDa 
all-SBDP.  both  slopes  were  nearly  horizontal,  indicating 
no  increased  accumulation  of  caspase-3-generated  120  kDa 
all-SBDP  over  days  after  TBl  (Fig.  4).  In  addition,  anova 
indicated  no  significant  difference  between  slopes 
(F  =  0.002,  p  =  0.9621). 

Erythroid  al-spectrin  versus  non-erythroid  all-spectrin 
After  head  injury,  the  most  likely  source  of  CSF 
contamination  will  be  from  blood.  Both  neurons  and  blood 


O  2001  Inicmational  Society  for  Neurochemistty,  Journal  of  Neurochemistry.  78,  1-11 


JNC 

510  JNC  jn6498  CD  16/7/1  19:57  AldEN 

all-Spectrin  in  CSF  7 


pg 


Non-€rythroid  all-Spectrin  Antibody 


brain 
— ►  40 


whole  blood 


0  40  30  20  15  10  5 


(a) 


(b) 


all-spectrin- 

150/145  kDa-^ 

120  kDa- 

brain 

pg— ►  40 

al-  spectrin-  ‘ 

K  ■ 
hi  1  -* 

150  kDa- 

^  mm 

95  kOa- 

Erythrold  al-Spectrin  Antibody 
whole  blood 


Fig.  6  (a)  Non-erythroid  all-spectrin  protein  Is  not  detected  in  whole 
blood.  After  TBI,  the  most  probable  source  of  non-CNS  accumulation 
of  proteins  in  the  CSF  is  from  blood.  This  immunoblot  demonstrates 
that  non-erythroid  all-spectrin  is  detectable  in  brain  protein  homoge¬ 
nates  but  not  in  blood  protein  homogenates,  (b)  In  contrast,  use  of 
an  erythroid  al-spcctrin  antibody  on  the  same  blot  that  has  been 
stripped  and  re-probed  reveals  immunoreactivity  for  both  blood  and 
brain  spectrin.  These  results  demonstrate  that  potential  blood  con¬ 
tamination  of  CSF  samples  does  not  affect  detection  of  brain-derived 
all-spectrin. 


contain  tlie  erythroid  form  al-spectrin  protein.  However, 
erythrocytes  do  not  contain  non-erythroid  all-spectrin  protein. 
To  demonstrate  that  the  source  of  all-spectrin  immuno¬ 
reactivity  in  the  CSF  is  not  blood  borne,  we  probed 
immunoblots  containing  various  concentrations  of  whole 
blood  proteins  and  brain  protein  with  either  an  erythroid 
anti-al-spectrin  antibody  or  with  an  anti-all-spectrin  anti¬ 
body  (Fig.  6a,b).  As  predicted,  no  immunoreactivity  was 
observed  at  any  concentration  of  whole  blood  protein 
(0-40  (JLg)  while  brain  spectrin  was  highly  reactive  to  the 
non-erythroid  anti-all-spectrin  antibody.  In  contrast,  both 
the  brain  and  blood  protein  samples  were  immunoreactive  to 
the  erythroid  anti-al-spectrin  antibody.  This  result  clearly 
indicates  that  use  of  the  non-erythroid.  but  not  the  erythroid, 
anti-spectrin  antibody  can  be  used  to  discriminate  non-blood 
borne  spectrin  protein  in  CSF  samples. 


Discussion 

This  paper  provides  the  first  evidence  for  accumulation  of 
non-erythroid  all-spectrin  protein  and  calpain-mediated 
all-SBDPs  in  CSF  after  TBI.  Detection  of  calpain-specific 
proteolytic  fragments  to  all-spectrin  were  confirmed  with 
two  antibodies,  one  that  recognizes  both  intact  all-spectrin 
and  calpain-specific  SBDPs  (FG  6090  Ab),  and  one  that 


recognizes  only  the  N-terminal  region  of  calpain-cleased 
150  kDa  SBDP  (SBDP150  Ab).  Results  of  this  investigation 
indicate  that  CSF  detection  of  all-spectrin  and  all-SBDPs 
can  provide  both  a  sensitive  surrogate  biochemical  measure 
of  TBI  pathology  and  provide  important  information  about 
specilic  neurochenical  events  that  have  occurred  in  the 
brain  after  TBI.  To  our  knowledge,  this  is  the  first 
investigation  of  any  CNS  pathology  to  indicate  that 
identification  of  accumulated  CSF  proteins  or  protein 
metabolic  products  can  be  used  to  infer  specific  neurochem¬ 
ical  events  (i.e.  calpain  activation)  in  the  brain.  Thus,  use  of 
all-SBDPs  as  surrogate  biochemical  markers  of  TBI  has 
important  clinical  ramifications  for  assessment  of  outcome 
after  injury  and  for  determination  of  specific  pathological 
proteolytic  cascades  known  to  occur  after  TBI.  Although 
otlier  CNS  proteins  have  been  detected  in  CSF  after  brain 
injury  fe.g.  S-IOOB)  and  have  been  correlated  with  outcome, 
these  pboteins  offer  no  insight  into  pathological  mechanisms 
that  have  occurred  in  the  brain  after  TBI.  Obviously, 
identification  of  metabolic  products  with  known  neuro¬ 
chemical  etiology  will  be  beneficial  for  appropriate 
application  of  targeted  therapeutics  (such  as  calpain 
inhibitors)  after  TBI. 

Calpain  and  caspase-3  cysteine  proteases  are  important 
mediators  of  cell  death  and  dysfunction  in  numerous  CNS 
diseases  and  injuries  including  TBI.  The  calpains  have 
historically  been  associated  with  necrotic  (oncotic)  cell 
death  although  recent  evidence  indicates  a  role  in  apogtofic 
cell  death  as  well  (Linnik  et  al.  1996;  Nath  et  a/.  ^%a;^Q5 
Newcomb  et  al.  1998;  Pike  et  al.  1998b).  Numerous 
investigations  have  reported  calpain  activation  after  TBI 
(Saatman  et  al.  1996a,  2(X)0;  Kampfl  et  al.  1997;  Newconi) 
et  al.  1997;  Posmantur  et  al.  1997;  Pike  et  al.  1998a)  and 
inhibitors  of  calpains  have  been  shown  to  confer  neuro¬ 
protection  after  TBI  (Posmantur  et  al.  1997;  Saatman  et  al. 
19%b,  2000).  Caspasc-3  is  a  critical  executioner  of 
apoptosis  and  caspase-3  activation  has  been  reported  in 
in  vitro  (Shah  et  al.  1997;  Allen  et  al.  1999;  Pike  et  al. 
2000b)  and  in  vivo  (Beer  et  al.  2000,  ^Catovlev  et  al.  1997; 

Pike  et  al.  1998a;  Clark  et  al.  (lOffla) j  models  of  TBI.  Q6 
However,  it  should  be  noted  that  at  least  in  our  hands,  the 
magnitude  of  calpain  activation  after  TBI  is  much  greater 
than  that  of  caspasc-3.  and  that  at  the  moderate  level  of  brain 
injury  employed  in  the  current  study,  caspase-3  is  only 
transiently  elevated  in  deep,  non-cortical  brain  regions  (Pike 
et  al.  1998a).  This  result  most  likely  accounts  for  the 
detection  of  relatively  minimal  amounts  of  the  120  kDa 
caspase-3-mediated  all-SBDP  in  CSF  after  TBI.  In  contrast 
to  our  injury  model.  Beer  et  al.  (20(X))  have  observed 
prominent  levels  of  caspase-3  activation  in  the  cortex  after 
cortical  impact  TBI.  However,  while  our  cortical  impact 
model  is  typically  characterized  by  prominent  tissue 
necrosis  and  progressive  cortical  cavitation  to  the  gray- 
white  interface  (Kampfl  et  al.  1996;  Newcomb  et  al.  1997; 
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Dixon  et  al.  1998;  Newcomb  el  al.  1999;  Pike  et  al.  2000a), 
the  model  employed  by  Beer  el  al.  (2000)  was  not.  Thus, 
differences  in  injury  magnitude  may  be  important  factors 
affecting  calpain  and/or  caspase-3  activation  after  TBl,  and 
this  hypothesis  warrant;  further  investigation.  However,  it 
should  be  pointed  out  that  although  caspasc-3  activation  has 
not  been  a  prominent  feature  in  our  model  of  cortical  impact 
TBI,  we  have  detected  substantial  levels  of  apoptotic  cell 
death  in  the  cortex  after  TBl  (Newcomb  et  al.  1999).  This 
apparent  discrepancy  between  apoptotic  cell  death  and 
caspase-3  activation  raises  the  intriguing  possibility  that 
apoptosis  may  occur  via  a  caspase-3-indepcndent  path¬ 
way  after  TBl.  This  observation  also  (wam^  further 
examination. 

That  different  injury  magnitudes  may  result  in  differential 
activation  of  calpain  or  ca.spase-3  proteases  has  important 
implications  for  targeted  therapeutic  intervention  after  TBI, 
and  importantly,  further  validates  the  utility  of  using 
surrogate  markers  of  TBI  that  have  known  neurochemical 
etiologies.  For  example,  the  current  investigation  detected 
CSF  accumulation  of  the  calpain-mediated  all-SBDP  and 
not  the  caspase-3-mediated  all-SBDP.  Based  on  this 
evidence,  administration  of  calpain  but  not  caspase-3 
inhibitors  would  be  predicted  to  have  the  most  beneficial 
effect  on  outcome.  However,  other  injury  magnitudes  may 
result  in  more  caspase-3  activation  indicating  use  of 
caspase-3  inhibitors  or  a  combination  of  catpain/caspase-3 
protease  inhibitors.  Thus,  surrogate  measures  of  TBI  will 
result  in  selective  pharmaceutical  therapies  based  on  clinical 
assessment  of  neuropathology,  and  this  approach  is  a 
superior  strategy  to  promiscuous  prophylactic  administra¬ 
tion  of  unnecessary  and  potentially  harmful  compounds. 

The  most  probable  source  of  peripheral  contamination  of 
the  CSF  after  TBI  will  be  blood  bom.  Indeed,  we  did  detect 
visible  red  blood  cell  contamination  of  CSF  after  experi¬ 
mental  TBI  (which  was  removed  by  centrifugation). 
However,  our  control  experiments  with  brain  and  whole 
blood  immnuoblots  (Fig.  6a,b)  clearly  demonstrated  that  the 
non-eryihroid  anti-all-spectrin  antibody  did  not  detect  any 
all-spectrin  protein  in  whole  blood  samples.  Conversly,  the 
erythroid  al-spectrin  antibody  labeled  both  brain  and  blood 
samples.  These  results  indicate  that  the  major  source  of 
potential  peripheral  CSF  contamination  after  TBI,  blood,  is 
not  detected  by  the  non-erythroid  anti-all-spectrin  antibody. 
This  finding  supports  the  utility  of  all-spectrin  and 
all-SBDPs  as  surrogate  biomarkers  of  injury  after  TBI, 
and  importantly,  as  biomarkers  of  calpain  and/or  caspase-3 
activation  after  TBl. 

One  caveat  to  the  current  investigation  is  the  finding  that 
there  was  more  variability  in  levels  of  CSF  SBDPs  than 
there  were  in  brain  levels  of  SBDPs.  This  variability  is 
indicated  by  the  larger  error  bars  in  Fig.  2  and  4  and  can  be 
observed  in  individual  animals  in  Fig.  1.  The  reason  for  the 
larger  variability  in  CSF  protein  accumulation  is  unknown. 


but  may  reflect  differences  in  individual  animal’s  CSF 
circulation  after  TBI.  For  example,  differences  in  increased 
intracranial  pressure  after  TBI  may  restrict  passage  of  CSF 
through  various  foramina  that  may  preclude  detection  of 
secreted  proteins  into  the  cistema  magna  (source  of  CSF  in 
the  present  study).  Additional  studies  should  examine 
differences  in  intraventricular  versus  intracistemal  levels 
of  accumulated  SBDPs. 

Nonetheless,  future  studies  focused  on  development  of 
neuron-specific  antibodies  targeted  against  calpain-specific 
and  caspase-3-specilic  all-SBDPs  (such  as  the  SBDP150 
Ab)  will  further  strengthen  the  utility  and  specificity  of 
all-SBDPs  as  surrogate  markers  of  brain  injury.  In  addition, 
development  of  enzyme-linked  immunosorbent  assays 
(ELISA)  will  allow  greater  quantification  of  calpain  and 
caspase-3  SBDPs  and  provide  a  more  rapid  and  practical 
approach  to  CSF  detection  of  these  proteins. 
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Summary:  The  contributions  of  calpain  and  caspase-3  to  ap¬ 
optosis  and  necrosis  after  central  nervous  system  (CNS)  trauma 
are  relatively  unexplored.  No  study  has  examined  concurrent 
activation  of  calpain  and  caspase-3  in  necrotic  or  apoptotic  cell 
death  after  any  CNS  insult.  Experiments  used  a  model  of  oxy¬ 
gen-glucose  deprivation  (OGD)  in  primary  septo-hippocampal 
cultures  and  assessed  cell  viability,  occurrence  of  apoptotic  and 
necrotic  cell  death  phenotypes,  and  protease  activation.  Immu- 
noblots  using  an  antibody  detecting  calpain  and  caspase-3  pro¬ 
teolysis  of  a-spectrin  showed  greater  accumulation  of  calpain- 
mediated  breakdown  products  (BDPs)  compared  with  caspa,se- 
3-mediated  BDPs.  Administration  of  calpain  and  caspase-3 
inhibitors  confirmed  that  activation  of  these  proteases  contrib¬ 


uted  to  cell  death,  as  inferred  by  lactate  dehydrogenase  release. 
Oxygen-glucose  deprivation  resulted  in  expression  of  apop¬ 
totic  and  necrotic  cell  death  phenotypes,  especially  in  neurons. 
Immunocytochemical  studies  of  calpain  and  caspase-3  activa¬ 
tion  in  apoptotic  cells  indicated  that  these  proteases  are  almost 
always  concurrently  activated  during  apoptosis.  These  data 
demonstrate  that  calpain  and  caspa.se-3  activation  is  associated 
with  expression  of  apoptotic  cell  death  phenotypes  after  OGD, 
and  that  calpain  activation,  in  combination  with  caspase-3  ac¬ 
tivation,  could  contribute  to  the  expression  of  apoptotic  cell 
death  by  assisting  in  the  degradation  of  important  cellular  pro¬ 
teins.  Key  Words:  Apoptosis — Calpain — Caspases — 
Necrosis — Stroke — TBI. 


Increased  activation  of  calpain  and  caspase-3  occurs  in 
many  central  nervous  system  (CNS)  injuries  and  dis¬ 
eases.  Caspase-3  is  considered  a  key  executioner  in  the 
apoptotic  cell  death  ca.scade  and  shares  numerous  sub¬ 
strates  with  the  Ca^*-dependent  protease  calpain,  includ¬ 
ing  the  cytoskeletal  protein  a-spectrin  (Wang,  2000). 
Studies  examining  animal  models  of  ischemia  have  re¬ 
ported  increased  calpain  (Bartus  et  al..  1995;  Roberts- 
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Lewis  et  al.,  1994;  Yokota  et  al.,  1995;  Rami  et  al.,  2000) 
or  caspase-3  (Chen  et  al.,  1998;  Namura  et  al.,  1998) 
activation  after  injury.  Furthermore,  inhibition  of  calpain 
(Hong  et  al.,  1994;  Markgraf  et  al.,  1998)  or  caspa.se-3 
(Fink  et  al.,  1998;  Himi  et  al.,  1998)  reduced  infarct 
volume,  .substrate  proteolysis,  DNA  fragmentation,  and 
hippocampal  cell  death  after  focal  and  global  ischemia. 
Activation  of  these  proteases  also  has  been  observed  in 
animal  models  of  traumatic  brain  injury  (TBI)  (New¬ 
comb  et  al.,  1997;  Pike  et  al..  1998a;  Saatman  et  al., 
1996;  Yakovlev  et  al.,  1997;  Clark  et  al.,  2000;  Beer  et 
al.,  2000;  Buki  et  al.,  2000).  Inhibition  of  calpain  (Post- 
mantur  et  al.,  1997)  or  caspase-3  (Yakovlev  et  al.,  1997) 
is  protective  in  these  models,  although  conflicting  data 
has  been  reported  (Clark  et  al.,  2000;  Saatman  et  al.. 
2000).  However,  few  investigations  have  examined  con¬ 
current  activation  of  calpain  and  caspase-3  after  CNS 
injury  or  disea.se  (Buki  et  al.,  2000;  Nath  et  al.,  1998; 
Pike  et  al.,  1998a). 
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Although  apoptosis  and  necrosis  occur  after  ischemia 
(Linnik  et  al.,  1993)  and  TBI  (Colicos  and  Dash,  1996; 
Newcomb  et  al.,  1999;  Rink  et  al.,  1995),  the  relation 
between  protease  activation  and  the  expression  of  apop- 
totic  and  necrotic  cell  death  phenotypes  is  relatively  un¬ 
explored.  Traditionally,  calpain  activation  has  been  as¬ 
sociated  with  necrosis,  and  caspase-3  activation  with  ap¬ 
optosis.  Although  caspase-3  activation  has  not  been 
detected  in  models  of  necrosis  (Wang  et  al.,  1996;  Zhao 
et  al.,  1999),  calpain  activation  has  been  implicated  in 
various  models  of  apoptosis  (Nath  et  al.,  1996;  Pike  et 
al.,  1998fc;  Squier  et  al.,  1994;  Vanags  et  al.,  1996). 
However,  inconsistencies  in  criteria  associated  with  cell 
death  phenotypes  have  complicated  data  interpretation 
(Charriaut-Marlangue  and  Ben-Ari,  1995). 

Oxygen-glucose  deprivation  (OGD)  is  a  widely  used 
in  vitro  model  of  ischemia,  which  produces  apoptotic 
(Kalda  et  al.,  1998)  and  necrotic  (Gwag  et  al.,  1995; 
Goldberg  and  Choi,  1993)  cell  death  phenotypes  and 
increased  calpain  and  caspase-3  activity  (Nath  et  al., 
1998).  Currently,  no  study  has  investigated  the  concur¬ 
rent  activation  of  calpain  and  caspa.se-3  in  archetypal 
necrotic  and  apoptotic  cell  death  phenotypes  after  any 
CNS  insult.  The  current  study  sought  to  determine  the 
contributions  of  these  proteases  to  apoptotic  and  necrotic 
cell  death  after  OGD.  The  current  findings  demonstrate 
that  coactivation  of  calpain  and  caspase-3  is  usually  as¬ 
sociated  with  the  expression  of  apoptotic  cell  death  phe¬ 
notypes  after  (XjD. 

MATERIALS  AND  METHODS 

Primary  septo-hippocampal  cultures 

Septi  and  hippocampi  were  dissected  from  18-day-old  rat 
fetuses,  dissociated  by  trituration,  and  the  dissociated  cells 
were  plated  on  poly-L-lysine  coated  24-well  culture  plates, 
6-well  culture  plates  or  12-mm  German  Glass  (Erie  Scientific, 
Portsmouth.  NH.  U.S.A.)  at  a  density  of  4.36  x  10^  cells/mL. 
Cultures  were  maintained  in  Delbecco’s  modified  Eagle’s  me¬ 
dium  (DMEM)  with  10%  fetal  bovine  .senim  in  a  humidified 
incubator  in  an  atmosphere  of  5%  CO^  at  37°C.  After  5  days  in 
culture,  the  media  was  changed  to  DMEM  with  5%  horse  se¬ 
rum.  Subsequent  media  changes  were  performed  three  times  a 
week.  Experiments  were  performed  on  days  10  to  11  in  vitro 
when  astroglia  had  formed  a  confluent  monolayer  beneath  mor¬ 
phologically  mature  neurons.  All  animal  studies  conformed  to 
the  guidelines  outlined  in  Guide  for  the  Care  and  Use  of  Labo¬ 
ratory  Animals  from  the  National  Institutes  of  Health  and 
were  approved  by  the  University  of  Florida  and  the  University 
of  Texas-Houston  Health  Science  Center  Animal  Welfare 
Committee. 

Oxygen-glucose  deprivation 

To  achieve  oxygen-glucose  deprivation  (OGD),  a  technique 
similar  to  that  described  by  Copin  et  al.  (1998)  was  used.  Nor¬ 
mal  media  was  replaced  with  low  glucose  media  (Hank’s  bal¬ 
anced  salt  solution  containing  1 .8  mmol/L  Ca^*,  0.8  mmol/L 
Mg’’',  and  0.2  g/L  d-glucose)  and  culture  plates  were  placed  in 
an  airtight  chamber  (Billups-Rothenberg,  Del  Mar,  CA, 
U.S.A.).  The  chamber  was  flushed  with  95%  N2/5%  COj  for  3 
minutes,  sealed,  and  placed  in  a  37°C  incubator  for  the  appro¬ 


priate  duration.  Initial  experiments  that  manipulated  the  amount 
of  time  (1  to  10  minutes)  the  chamber  was  flushed  with  95% 
Nf5%  CO2  confirmed  that  3  minutes  of  flushing  combined 
with  the  low  glucose  media  prixluced  an  environment  severe 
enough  to  result  in  a  consistent  model  of  cell  injury.  After  the 
insult,  low  glucose  media  was  replaced  with  DMEM  (.serum- 
free)  and  cultures  were  returned  to  a  normoxic  environment. 
Initial  experiments  deprived  cells  of  oxygen  and  glucose  for 
various  durations  (1  to  12  hours)  and  samples  were  collected  24 
hours  after  the  cultures  had  returned  to  a  normal  environment. 
These  data  suggested  that  10  hours  of  (XID  resulted  in  sub¬ 
stantial  cell  death  and  protease  activation.  To  examine  the  ef¬ 
fects  of  altering  the  length  of  reperfusion  (that  is,  duration  of 
normoxia  after  (XID)  samples  were  collected  at  various  times 
(immediately  through  48  hours)  after  10  hours  of  (X)D.  Sub¬ 
sequent  experiments  focused  on  10  hours  of  OGD  combined 
with  24  hours  of  reperfusion,  unless  stated  otherwise. 

Chemical  inducers  of  apoptotic  or  necrotic  cell 
death  phenotypes 

To  provide  comparisons  of  OGD  with  classic  apoptotic  and 
necrotic  profiles,  cultures  were  treated  with  .staurosporine,  a 
general  protein  kinase  inhibitor,  or  maitotoxin,  a  potent  marine 
toxin  that  activates  both  voltage-sensitive  and  receptor- 
operated  calcium  channels  (Wang  et  al.,  1996).  Cultures  were 
challenged  with  0.5  p,mol/L  staurosporine  for  24  hours,  a  dose 
and  duration  that  produces  apoptotic  but  not  necrotic  neuronal 
cell  death  in  this  in  vitro  system  (Phke  et  al.,  1998b).  Separate 
cultures  were  treated  with  maitotoxin  (0.1  nmol/L)  for  1  hour, 
a  dose  and  duration  that  produces  an  exclusively  necrotic  cell 
death  profile  in  neurons  and  glia  and  is  associated  with  calpain. 
but  not  caspase-3  activation  (Zhao  et  al.,  1999). 

Pharmacologic  inhihition  of  calpain  and 
caspase  activation 

Cultures  were  pretreated  1  hour  before  and  were  cotreated 
during  OGD,  with  various  doses  of  calpain  inhibitor-3  (Cl-3, 
[MDL28170],  1  to  300  p,mol/L;  CalBiochem,  San  Diego,  CA, 
U.S.A.),  the  pan-caspase  inhibitor  (Z-D-DCB,  50  to  200 
p,mol/L;  Bachem,  Philadelphia.  PA,  U.S.A.)  or  the  specific 
caspa,se-3  inhibitor  (z-DEVD-fmk,  50  to  2(X)  p.mol/L;  CalBio¬ 
chem).  Stock  solutions  (50  mmol/L)  of  CI-3  (in  dimethyl  sulf¬ 
oxide),  Z-D-DCB  (in  EtOH),  and  z-DEVD-fmk  (in  dimethyl 
sulfoxide)  were  added  directly  to  the  low  glucose  media  for  the 
1-hour  pretreatment,  and  then  cells  were  deprived  of  oxygen. 
Initial  experiments  confirmed  that  incubating  cells  with  low 
glucose  media  for  1  hour  had  no  effect  on  control  cells  or  injury 
magnitude  in  cells  later  exposed  to  OGD  (data  not  shown). 
After  OGD,  low  glucose  media  was  replaced  with  DMEM 
(serum-free)  containing  fresh  inhibitor.  Samples  were  collected 
12  or  24  hours  after  OGD  for  lactate  dehydrogenase  (LDH) 
release  and  immunoblot  analyses.  Western  blot  analyses  con¬ 
firmed  whether  the  drugs  and  doses  used  inhibited  activation  of 
calpain  and  caspase-3-like  proteases  inferred  by  a-spectrin 
proteolysis. 

Determination  of  lactate  dehydrogena.se  activity 

Lactate  dehydrogenase  activity  assessed  cell  viability  (Koh 
and  Choi,  1987)  in  experiments  examining  the  effects  of  CXjD 
and  protease  inhibition.  Lactate  dehydrogenase  released  from 
damaged  cells  was  measured  by  standard  kinetic  assay  for  py¬ 
ruvate  (Hoffmann-LaRoche  Ltd.,  Basel,  Switzerland).  Briefly, 
culture  medium  was  removed  from  each  well  and  centrifuged  at 
5,(X)0  g  for  5  minutes.  One  hundred  microliters  of  supernatant 
was  transferred  to  each  well  of  96-well  flat  bottom  plate  and 
100  (jlL  of  detection  reagent  was  added.  After  incubation,  the 
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absorbance  of  samples  was  measured  at  490  nm  using  Bio-Rad 
model  450  microplate  reader  (Hercules,  CA,  U.S.A.). 

Annexin  V  and  propidium  iodide  staining 

Control  cells  and  cells  exposed  to  OGD,  staurosporine.  or 
maitotoxin  were  simultaneously  stained  with  Annexin  V  and 
propidium  iodide  (PI)  to  differentiate  apoptotic  and  necrotic 
cell  death  phenotypes.  Cells  were  rinsed  with  phosphate- 
buffered  saline  (PBS)  and  incubated  in  staining  solution  con¬ 
sisting  of  HEPES  buffer,  Annexin  V  fluorescein  labeling  re¬ 
agent  (Molecular  Probes:  Eugene,  OR,  U.S.A.),  and  PI  (Mo¬ 
lecular  Probes)  for  15  minutes  in  the  dark.  Stained  cells  were 
examined  with  a  Zeiss  Axiovert  135  fluorescence  microscope 
(Oberkochcn,  Germany)  fitted  with  a  filter  combination  that 
allowed  green  and  red  fluorescing  cells  to  be  seen  simulta¬ 
neously.  The  number  of  apoptotic  and  necrotic  cells  was  cal¬ 
culated  (10  sequential  320x  fields  were  counted  and  averaged 
per  well)  for  n  =  3  wells  per  condition. 

DNA  gei  electrophoresis 

DNA  gel  electrophoresis  was  performed  as  previously  de¬ 
scribed  (Zhao  et  al.,  2000;  Gong  et  al.,  1994).  At  the  appropri¬ 
ate  time  after  injury,  cells  were  collected  by  centrifugation, 
fixed  in  709f  cold  ethanol,  and  stored  in  fixative  at  -20°C  for 
24  to  72  hours.  After  subsequent  centrifugation  and  removal  of 
ethanol,  cell  pellets  were  resuspended  in  phosphate-citrate 
buffer  at  room  temperature  for  1  hour,  centrifuged,  and  the 
supernatant  was  concentrated  by  vacuum  in  a  SpeedVac  con¬ 
centrator  (ThermoSavant,  Holbrook,  NY,  U.S.A.).  The  pellet 
was  incubated  in  Nonidet  NP-40  and  DNase-free  RNase  fol¬ 
lowed  by  proteinase  K.  After  the  incubation.  6x  loading  buffer 
was  added  and  the  contents  of  the  tube  were  transferred  to  a 
1.5%  agarose  gel.  Electrophoresis  was  performed  in  lx  0.1 
mol/L  Tris,  0.09  mol/L  boric  acid,  1  mmol/L  EDTA,  pH  8.4  at 
40  V  for  2  hours.  DNA  was  visualized  and  photographed  under 
UV  light  after  staining  with  5  pg/mL  ethidium  bromide. 

DNA  fragmentation  ELISA 

Apoptotic  cell  death  also  was  examined  with  an  assay  that 
allowed  specific  determination  of  mono-  and  oligonucleosomes 
in  the  cytoplasmic  fraction  of  cell  lysates  (Cell  Death  Detection 
ELISA  Plus;  Hoffman-LaRoche  Ltd.,  Basel.  Switzerland).  At 
the  appropriate  time  after  injury,  cells  were  collected  by  cen¬ 
trifugation  and  2  mL  lysis  buffer  was  mixed  with  the  pellet.  The 
.solution  was  incubated  for  30  minutes  at  room  temperature  and 
stored  at  -20°C  for  24  to  72  hours.  After  thawing,  diluted 
samples  (5  p-L  .sample  -i- 15  p.L  lysis  buffer)  were  added  to  each 
well  of  a  streptavidin-coated,  96-well  microtiter  plate  (.separate 
studies  confirmed  that  this  dilution  re.sultcd  in  a  suitable  cell 
concentration,  data  not  shown).  Eighty  microliters  of  reagent 
solution  containing  incubation  buffer,  anti-histone-biotin,  and 
anti-DNA-POD  was  added  to  each  well  and  incubated  with  the 
sample  on  a  shaker  for  2  hours.  The  solution  was  removed  and 
wells  were  rinsed  with  incubation  buffer  to  remove  unbound 
antibody.  The  amount  of  POD  retained  in  the  immunocom- 
plex — and  thus  the  amount  of  DNA  fragments — was  deter¬ 
mined  colorimetrically  with  the  substrate  ABTS  using  a  micro¬ 
plate  reader  (Bio-Rad  Model  450)  at  405  nm  with  a  reference 
filter  of  490  nm.  Absorbance  values  were  calculated  and  re¬ 
ported  as  percent  of  control. 

Assessment  of  caspase-3  and  calpain  activity 

The  cytoskeletal  protein  a-spectrin  contains  sequence  motifs 
preferred  by  calpain  and  caspase-3  proteases;  thus,  activation  of 
these  protea.ses  can  be  asses.sed  concurrently  by  immunoblot 
identification  of  calpain  and/or  caspase-3  signature  cleavage 
products.  Although  calpains  and  caspases  produce  initial  frag¬ 


ments  of  nearly  identical  size  (150  kDa).  calpains  further  pro¬ 
cess  (x-spectrin  into  a  distinctive  breakdown  product  (BDP)  of 
145  kDa  (Harris  et  al.,  1988;  Nath  et  al.,  1996),  whereas 
caspase-3  produces  a  unique  120-kDa  BDP  (Wang  et  al., 
19986).  Notably,  the  initial  150-kDa  fragment  produced  by 
calpain  differs  from  that  produced  by  the  ca.spa.se.s.  Immuno- 
cytochemistry  using  antibixlies  specific  for  this  calpain- 
mediated  fragment  (SBDP  150)  or  the  120-kDa  fragment 
produced  by  caspase-3  (SBDP  120)  allows  detection  of  cal¬ 
pain-  and/or  caspase-3-mediated  proteolysis  of  a-spectrin  in 
individual  cells.  Caspa.se-3  activation  also  can  be  inferred  by 
the  appearance  of  BDPs  to  the  proenzyme,  because  activation 
occurs  when  caspase-3  is  proteoly/^d  into  smaller  subunits. 

Sodium  dodecyl  sulfate-polyacrylamide  gel  electrophore¬ 
sis  and  immunoblotting.  Gel  electrophoresis  and  immunob- 
lotting  were  performed  as  described  previously  (Pike  et  al.. 
2000).  At  the  appropriate  time  after  injury,  media  was  removed 
and  cells  were  collected  from  each  well  with  lysis  buffer  and 
sheared  with  a  25-gaugc  needle.  Protein  content  was  assayed  by 
the  Micro  BCA  method  (Pierce,  Rockford,  IL,  U.S.A.).  For 
protein  electrophoresis,  equal  amounts  of  total  protein  (25  pg) 
were  prepared  in  4x  loading  buffer  and  beated  at  95°C  for  10 
minutes.  For  analysis  of  a-spectrin  proteolysis,  samples  were 
resolved  in  a  vertical  electrophoresis  chamber  using  a  4% 
stacking  gel  over  a  6.5%  acrylamide  resolving  gel.  Separated 
proteins  were  laterally  transferred  to  a  nitrocellulose  membrane 
(0.45  pm).  For  analysis  of  caspase-3  proteolysis,  samples  were 
resolved  using  a  4%  to  20%  gradient  acrylamide  gel  or  a  Tris- 
Tricine  gel  (16.5%  +  4%  stacking).  Separated  proteins  were 
laterally  transferred  to  a  nitrocellulose  membrane  (0.2  pm). 
Nitrocellulose  membranes  were  stained  with  Panceau  red 
(Sigma,  St.  Louis.  MO,  LF.S.A.)  to  ensure  even  transfer  of  all 
samples  to  the  membranes  and  to  confirm  that  equal  amounts  of 
protein  were  loaded  in  each  lane.  Blots  were  blocked  overnight 
in  5%  nonfat  milk  in  20  mmol/L  Tris,  0.15  mol/L  NaCl,  and 
0.005%  Tween-20  at  4°C. 

Immunoblots  were  probed  with  an  anti-a-spectrin  monoclo¬ 
nal  antibody  (Affiniti  Research  Products.  U.K.)  that  detects 
intact  a-spectrin  (MW,  =  240  kDa)  and  150-,  145-,  and  120- 
kDa  BDP,  as  described  previously  (Pike  el  al.,  2000).  Separate 
blots  were  probed  with  a  caspase-3  polyclonal  antibody  (1:500; 
Santa  Cruz  Biotechnology,  Santa  Cruz,  CA,  U.S.A.)  that  de¬ 
tects  the  caspase-3  proenzyme  (32  kDa)  and  proteolytic  frag¬ 
ments.  After  incubation  in  primary  antibody  for  2  hours  at  room 
temperature,  blots  were  incubated  in  peroxidase-conjugated 
goal  anti-rabbit  IgG  (1:3000)  for  1  hour.  Enhanced  chemilumi¬ 
nescence  reagents  (ECL;  Amersham,  Buckinghamshire,  U.K.) 
were  used  to  visualize  immunolabcling  on  Hyperfilm  (Hyper- 
film  ECL;  Amersham). 

Semiquantitative  evaluation  of  protein  levels  detected  by  im¬ 
munoblotting  was  performed  through  computer-assisted,  one¬ 
dimensional  densitometric  scanning  (Alphalmager  2000  Digi¬ 
tal  Imaging  System;  San  Leandro.  CA,  U.S.A.).  Data  were 
acquired  as  integrated  den.sitometric  values  and  transformed  to 
percentages  of  the  densitometric  values  obtained  from  control 
samples.  Data  from  multiple  Western  blots  (n  =  4)  were  com¬ 
bined  and  analyzed  statistically. 

Calpain-  and  caspase-3-mediated  a-spectrin  BDPs  in  in¬ 
dividual  cells.  Cells  were  cultured  on  German  Glass  for  im- 
munocytochemistry  protocols.  Control  cultures  or  cells  ex¬ 
posed  to  (XjD,  staurosporine.  or  maitotoxin  were  fixed  in  4% 
paraformaldehyde  for  5  minutes  and  rinsed  in  PBS.  Cells  were 
blocked  in  10%  normal  goat  serum  in  PBS  for  30  minutes  at 
37°C  and  incubated  simultaneously  in  primary  antibodies  spe¬ 
cific  for  SBDP  150  (1:100,  polyclonal,  made  in  rabbit;  gift 
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from  T.C.  Saido,  Japan,  (Saido  et  al.,  1993))  and  SBDP  120 
(1:100,  polyclonal,  made  in  chicken;  gift  from  Kevin  Wang. 
Parke-Davis,  Ann  Arbor,  MI  (Buki  et  al.,  2000))  for  30  minutes 
at  37°C.  After  rinsing  in  PBS/0.05%  Tween  20,  cells  were 
incubated  in  secondary  antibodies  linked  to  Alexa  Fluor  488 
(1:50,  goat  a-chicken;  Molecular  Probes,  Eugene.  OR.  U.S.A.) 
or  Alexa  Fluor  568  ( 1 :50,  goat  a-rabbit;  Molecular  Probes)  for 
30  minutes  at  37°C.  To  assess  nuclear  morphology  (that  is, 
characteristics  of  necrotic  or  apoptotic  alterations)  cells  were 
counterstained  with  the  DNA  dye,  4'  6-diamidino-2- 
phenylindole,  dihydrochloride  (DAPl,  1:500;  Molecular 
Probes).  German  Glass  were  mounted  onto  glass  slides  with 
Fluoromount-G  (Southern  Biotechnology  Associates;  Birming¬ 
ham,  AL,  U.S.A.). 

Cells  were  examined  under  oil  immersion  at  KKXlx  magni¬ 
fication  with  a  Zeiss  Axiovert  135  fluorescence  microscope 
equipped  as  described  above.  DAPI  staining  was  viewed  with 
a  UV2A  filter  (Zeiss).  Nuclear  morphology  was  assessed  in 
cells  immunoreactive  for  SBDP  150,  or  SBDP  120,  or  both,  and 
cells  were  categorized  (blind  to  treatment  condition)  as  healthy, 
apoptotic,  or  necrotic.  Nuclei  of  healthy  cells  can  be  identified 
by  a  homogenous  and  diffuse  fluorescent  chromatin,  whereas 
cells  classified  as  apoptotic  fluoresce  intensely  and  are  charac¬ 
terized  by  highly  condensed  chromatin,  visibly  shrunken  and 
often  irregular  shaped  nuclei,  margination  of  chromatin  along 
the  periphery  of  the  nuclear  envelope,  or  by  the  separation  of 
the  nucleus  into  discrete  nuclear  fragments  (apoptotic  bodies). 
In  contrast,  necrotic  cells  fluoresce  brightly  with  pyknotic  chro¬ 
matin  where  nuclei  have  maintained  their  basic  morphology  or 
have  become  rounded  or  swollen  in  appearance.  These  cells 
also  fail  to  exhibit  apoptotic  morphology  (Schmechel,  1999; 
Pumanam  and  Boustany,  1999).  Using  these  criteria,  the  num¬ 
ber  of  healthy,  apoptotic,  and  necrotic  SBDP  150  and  SBDP 
120  immunoreactive  cells  were  quantified  in  control  and  OGD 
cultures. 

Analysis  of  cell  types 

Control  cells  or  cells  exposed  to  OGD  were  prepared  for 
immunocytochemistry  as  described  above.  Cells  were  labeled 
with  both  neuronal  nuclear  marker  (NeuN)  and  microtubule- 
associated  protein  (MAP)2  or  GFAP  (glial  fibrillary  acidic  pro¬ 
tein)  to  evaluate  neuronal  and  astroglial  morphology,  respec¬ 
tively.  Using  both  NeuN  and  MAP2  allowed  clear  visualization 
of  the  neuronal  cell  body  and  proces.ses.  All  cells  were  blocked 
in  10%  normal  goat  serum  in  PBS  and  were  incubated  in  pri¬ 
mary  antibodies  specific  for  NeuN  (1:1000,  monoclonal; 
Chemicon,  Temecula,  CA,  U.S.A.)  and  MAP2  (1:10(X),  mono¬ 
clonal;  Stemberger  Monoclonals.  Lutherville,  MD,  U.S.A.)  or 
GFAP  (1:1000,  monoclonal;  Sigma).  After  rinsing  in 
PBS/0.05%  Tween  20,  cells  were  incubated  in  secondary  anti¬ 
body  linked  to  Alexa  Fluor  488  ( 1 :50,  goat  a-mousc;  Molecular 
Probes).  Cells  were  counterstained  with  DAPI  and  mounted 
onto  glass  slides  with  Fluoromount-G. 

Samples  immunolabeled  with  NeuN  and  MAP2  were  exam¬ 
ined  under  low  magnification  to  assess  neuronal  loss  after  CXjD 
( 1 0  sequential  320x  fields  were  counted  and  added  per  sample, 
n  -  6L  Samples  immunolabeled  with  GFAP  also  were  exam¬ 
ined  under  low  magnification,  however  quantitative  data  on 
loss  of  GFAP-positive  cells  could  not  be  obtained  because  of 
the  high  density  of  these  cells  and  the  inability  to  differentiate 
individual  glia.  Under  high  magnification  (I OOOx),  DAPI  stain¬ 
ing  was  examined  in  NeuN-  and/or  MAP2-positive  cells  and 
GFAP-positive  cells  (50  random  immunoreactive  cells  per 
sample)  to  assess  the  nuclear  morphology  of  neurons  and  as¬ 
troglia,  respectively.  Values  for  healthy,  apoptotic,  and  necrotic 


neurons  and  astroglia  were  calculated  for  control  and  OGD 
cells  using  the  criteria  described  above. 

Statistical  analysis 

Data  were  evaluated  by  one-way  analysis  of  variance  and 
posl  hoc  least  significant  difference  t  test.  Values  are  given  as 
mean  ±  .SD.  Differences  were  considered  significant  at  P  s 
0.05. 

RESULTS 

Effects  of  oxygen-glucose  deprivation  on  primary 
mixed  septo-hippocampal  cultures 

Effects  of  oxygen-^luco.se  deprivation  duration  and 
reperfusion.  An  initial  set  of  experiments  (data  not 
shown)  was  conducted  to  evaluate  duration  of  OGD  on 
cell  viability.  Primary  mixed  septo-hippocampal  cultures 
were  deprived  of  oxygen  and  glucose  for  1,  6,  8,  10,  or 
12  hours  and  media  was  collected  24  hours  after  cultures 
were  returned  to  normal  conditions  for  analysis  of  LDH 
release.  Reported  as  percent  of  control,  significant  in¬ 
creases  in  LDH  release  (P  <  0.01 )  occurred  after  6  (204% 
±  18.1%),  8  (233%  ±  30.1%),  10  (895%  ±  43.1%),  and 
12  (725%  ±  70.5%)  hours  of  (XiD.  Subsequent  experi¬ 
ments  (data  not  shown)  investigated  the  effect  of  reper¬ 
fusion  length  on  cell  viability.  Samples  were  subjected  to 
OGD  for  10  hours  and  media  were  collected  immediately 
or  after  3,  12,  24,  or  48  hours  of  reperfusion  for  analysis 
of  LDH  release.  Significant  increa.ses  in  LDH  release 
were  evident  immediately  after  injury  (172%  ±  15.2%,  P 
<  0.05)  compared  with  control  cultures.  Moreover,  in¬ 
creasing  the  length  of  reperfusion  resulted  in  a  time- 
dependent  and  significant  increase  in  LDH  release  (P  < 
0.001)  at  all  later  times  tested— 3  (367%  ±  51.7%),  12 
(561%  ±  5.6%),  24  (674%  ±  14.7%),  and  48  (784%  ± 
5.6%)  hours  after  injury,  compared  with  control  samples. 

Characterization  of  cell  death  phenotypes  after 
oxygen-glucose  deprivation.  To  distinguish  apoptotic 
and  necrotic  cell  death,  control  cells  and  cells  subjected 
to  OGD  (10  hours  +  24  hours  of  reperfusion)  were 
stained  with  Annexin  V  and  PI  (data  not  shown).  Stau- 
rosporine-  (0.5  mmol/L  for  24  hours)  and  maitotoxin- 
(0. 1  nmol/L  for  1  hour)  treated  cells  were  used  as  posi¬ 
tive  controls  of  apoptosis  and  necrosis,  respectively.  Val¬ 
ues  are  reported  as  total  apoptotic  or  necrotic  cells  per 
well  (10,  320x  fields).  Uninjured  control  cultures  con¬ 
tained  few  apoptotic  (78.0  ±  40.0)  or  necrotic  (8.3  ±2.1) 
cells.  Cultures  subjected  to  OGD  contained  significantly 
(P  <  0.001)  more  apoptotic  (356.3  ±  32.0)  and  necrotic 
(180.7  ±  37.4)  cells  compared  with  control  cultures.  In 
comparison,  staurosporine  treatment  produced  a  signifi¬ 
cant  increase  (P  <  0.001)  in  apoptotic  cells  (389.3  ±  37.5) 
with  fewer  necrotic  cells  (38.3  ±  14.4),  whereas  maito- 
toxin  treatment  resulted  in  a  significant  increase  (P  < 
0.001)  in  necrotic  cells  (597.0  ±  73.4)  with  fewer  apop¬ 
totic  cells  (13.7  ±  3.8)  compared  with  control  cultures. 

Examination  of  DAPI  staining  (10,  lOOOx  fields)  re¬ 
vealed  morphologic  changes  in  chromatin  staining  that 
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were  clearly  distinguishable  from  the  classic  necrotic 
phenotype  (Fig.  lA  and  IB).  These  nonnecrotic  changes 
showed  different  evolutionary  stages  of  chromatin  mar- 
gination,  condensation,  and  formation  of  apoptotic  bod¬ 
ies.  Thus,  these  nuclear  profiles  were  termed  apoptotic- 
like.  Most  stained  nuclei  in  control  cultures  were  healthy; 
however,  some  apoptoticlike  nuclei  were  observed  and 
were  probably  because  of  spontaneous  apoptosis  (Fig. 
1  A).  Compared  with  control  cultures,  OGD  cultures  con¬ 
tained  significantly  less  healthy  nuclei  (P  <  0.001)  and 
significantly  more  apoptoticlike  nuclei  (P  <  0.001).  Ne¬ 
crotic  nuclei  were  rarely  observed  in  either  control  or 


lOOi 


■  control 
BOGD 


Necrotic 


FIG.  1.  Analysis  of  nuclear  morphology  after  oxygen-glucose 
deprivation  (OGD).  (A)  Control  cultures  and  cultures  deprived  of 
oxygen  and  glucose  (1 0  hours  +  24  hours  of  reperfusion)  were 
stained  with  DAPI,  and  cells  were  characterized  as  healthy, 
apoptoticlike,  or  necrotic  based  on  nuclear  morphology.  Control 
cultures  contained  mostly  healthy  nuclei  (90.1%  ±  6.1%),  al¬ 
though  apoptoticlike  nuclei  (9.6%  ±  2.9%)  were  detected.  Com¬ 
pared  with  control  cultures,  OGD  contained  significantly  fewer 
healthy  nuclei  (69.3%  ±  10.5%)  and  significantly  more  apoptoti¬ 
clike  nuclei  (30.0%  ±  5.4%).  No  significant  differences  were  ob- 
sen/ed  in  the  percentage  of  necrotic  cells  between  control  (0.3% 
±  0.2%)  and  OGD  (0.7%  ±  1 .0%)  cultures.  *P  <  0.001 .  (B)  DAPI 
staining  of  septo-hippocampal  cultures  after  OGD.  Representa¬ 
tive  image  illustrating  the  typical  distribution  of  cell  death  pheno¬ 
types  after  OGD  (10  hours  +  24  hours  of  reperfusion).  Nuclei 
exhibiting  apoptoticlike  morphology  such  as  chromatin  conden¬ 
sation  (arrowhead),  irregular-shaped  nuclei  (open  arrow),  and  the 
formation  of  apoptotic  bodies  (thin  arrows)  were  frequently  de¬ 
tected  after  OGD.  Healthy  nuclei  (wide  arrow)  also  were  ob¬ 
served  after  injury.  Scale  bar  =  1  pm. 


OGD  cultures.  Figure  IB  shows  a  representation  of  the 
typical  distribution  of  cell  death  phenotypes  after  OGD 
in  this  culture  system.  Nuclei  exhibiting  apoptoticlike 
morphology  were  frequently  detected  after  OGD,  as  well 
as  cells  with  healthy  nuclei.  Surprisingly,  examination  of 
DAPI  staining  in  OGD  cultures  failed  to  reveal  a  sub¬ 
stantial  number  of  necrotic  cells,  in  contrast  with  data 
collected  with  Annexin  V  and  PI  staining.  This  reduction 
in  necrotic  cells  may  be  caused  by  the  frequent  rinses  and 
incubations  performed  during  the  immunocytochemistry 
and  DAPI  staining  protocol  that  may  have  caused  many 
necrotic  cells  to  detach  and  go  undetected  by  DAPI  in  the 
culture  system.  However,  quite  similar  data  were  ob¬ 
tained  using  these  separate  techniques  to  calculate  the 
number  of  apoptoticlike  cells  per  sample.  If  values  are 
adjusted  to  reflect  the  different  field  magnifications 
(320x  for  Annexin  and  lOOOx  for  DAPI),  the  average 
number  of  apoptoticlike  cells  per  sample  is  similar  for 
Annexin  (356.3  cells  per  sample)  and  DAPI  (332.8  cells 
per  sample,  data  not  shown).  These  data  .stress  the  reli¬ 
ability  of  the  authors’  assessments  of  the  contribution  of 
apoptosis  to  cell  death  in  the  culture  system. 

Condensation  and  aggregation  of  chromatin,  as  shown 
with  DAPI  staining  (Fig.  IB),  may  occur  independently 
of  endonuclease  activation  (Oberhammer  et  al.,  1993). 
Therefore,  two  separate  techniques  were  used  to  quali¬ 
tatively  (Fig.  2A)  and  quantitatively  (Fig.  2B)  assess  in- 
temucleosomal  DNA  fragmentation,  and  thus  endonucle¬ 
ase  activation,  after  (XiD.  DNA  electrophoresis  (Fig. 
2A)  revealed  a  robust  ladder  pattern,  characteristic  of 
intemucleosomal  DNA  fragmentation,  after  10  hours  of 
OGD  with  12,  24,  and  48  hours  of  reperfusion.  Faint 
bands  also  were  detected  after  3  hours  of  reperfusion. 
Staurosporine  treatment  produced  a  characteristic  DNA 
ladder  pattern,  whereas  control  samples  and  cells  sub¬ 
jected  to  maitotoxin  failed  to  show  any  intemucleosomal 
fragments. 

As  an  additional  indicator  of  intemucleosomal  frag¬ 
mentation,  the  amount  of  mono-  and  oligonucleosomes 
in  the  cytoplasmic  fraction  of  cell  lysates  was  quantita¬ 
tively  assessed  (Fig.  2B).  Control  cultures  showed  little 
DNA  fragmentation,  whereas  cells  deprived  of  oxygen 
and  glucose  for  10  hours  contained  significantly  more 
mono-  and  oligonucleosomes  after  24  (P  <  0.001 )  and  48 
(P  <  0.001)  hours  of  reperfusion,  but  not  after  3  or  12 
hours  of  reperfusion.  In  comparison,  staurosporine  treat¬ 
ment  resulted  in  a  significant  increase  {P  <  0.001)  in 
mono-  and  oligonucleosomes,  whereas  samples  expo.sed 
to  maitotoxin  were  not  statistically  different  from  control 
samples. 

Induction  of  cell  death  by  oxygen-glucose  depriva¬ 
tion  in  neurons  and  glia.  To  identify  the  type  of  cell 
(that  is,  neuron  vs.  astroglia)  affected  by  OGD,  primary 
mixed  septo-hippocampal  cultures  were  stained  with 
NeuN  and  MAP2  (for  neurons)  or  GFAP  (for  astroglial) 
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FIG.  2.  Assessment  of  internucleosomal  DNA  fragmentation  af¬ 
ter  oxygen-glucose  deprivation  (OGD).  (A)  DNA  electrophoresis. 
Samples  collected  from  control  and  maitotoxin  (mtx)-treated  cul¬ 
tures  showed  no  internucleosomal  DNA  fragmentation,  whereas 
staurosporine  (str)  treatment  produced  a  characteristic  DNA  lad¬ 
der  pattern.  Cultures  subjected  to  OGD  for  10  hours  and  col¬ 
lected  3  hours  after  injury  exhibited  a  faint  ladder.  Prominent  DNA 
laddering  was  obsen/ed  12,  24,  and  48  hours  after  injury.  (B) 
DNA  fragmentation  assay.  DNA  fragmentation  was  quantitatively 
assessed  by  detection  of  mono-  and  oligonucleosomes  in  the 
cytoplasmic  fraction  of  cell  lysates.  Analysis  of  control  cultures 
demonstrated  little  DNA  fragmentation,  similar  to  cells  deprived 
of  oxygen  and  glucose  for  10  hours  after  3  (129%  ±  46.8%)  or  12 
(287%  ±  163.0%)  hours  of  reperfusion.  However,  a  significant 
increase  in  mono-  and  oligonucleosomes  was  detected  in  cells 
deprived  of  oxygen  and  glucose  for  10  hours  after  24  (513%  ± 
5.6%)  and  48  (998%  ±  606.9%)  hours  of  reperfusion.  Staurospo¬ 
rine  (str)  treatment  resulted  in  a  significant  increase  (582%  ± 
441.7%)  in  mono-  and  oligonucleosomes,  whereas  samples  ex¬ 
posed  to  maitotoxin  (mb()  were  not  statistically  different  from  con¬ 
trol  samples  (111%  ±  58.1%).  *P<  0.001. 


and  counterstained  with  DAPI  (Fig.  3).  Low  magnifica¬ 
tion  examination  of  NeuN  and  MAP2  staining  in  OGD 
cultures  revealed  a  significant  loss  (68%  ±  9.3%  of  con¬ 
trol  values,  P  <  0.001)  of  immunoreactive  (IR)  neurons 
(data  not  shown).  Examination  of  GFAP  staining  in  cells 
subjected  to  OGD  showed  that  OGD  had  a  modest  effect 
on  astroglia  that  was  not  readily  apparent  under  low 
magnification. 

High  magnification  (lOOOx)  examination  of  NeuN,  or 
MAP2  IR  cells,  or  both  (Fig.  3),  showed  that  the  majority 
of  positive  cells  in  control  cultures  possessed  large  cell 
bodies  and  several  intact  processes  that  were  intensely 
labeled  for  both  neuronal  markers  (Fig.  3A).  These  cells 
contained  healthy,  oval-shaped  nuclei  with  diffuse  chro¬ 
matin  di.stribution  (Fig.  3B).  In  contrast,  NeuN  and 
MAP2  staining  of  OGD  cultures  showed  a  substantial 
number  of  neurons  with  shrunken  cell  bodies  and  frag¬ 
mented  processes  (Fig.  3C).  Nuclei  of  these  neurons 
were  shrunken,  irregularly  shaped,  and  possessed  highly 
condensed  chromatin  (Fig.  3D).  Apoptoticlike  nuclei  that 
were  not  IR  for  NeuN  or  MAP2  also  were  observed  (Fig. 
3D).  These  cells  may  have  been  apoptotic  astroglia,  or 
more  likely,  neurons  in  an  advanced  stage  of  apoptosis  in 
which  the  phenotype  is  most  apparent  and  degeneration 
of  cellular  proteins  may  compromise  the  retention  of 
epitopes  necessary  for  cell  type  identification.  Quantita¬ 
tive  analysis  of  DAPI  staining  in  NeuN,  or  MAP2  IR 
cells,  or  both  (50  random  IR  cells  per  sample),  demon¬ 
strated  that  the  majority  of  positive  cells  in  control  cul¬ 
tures  exhibited  healthy  nuclear  morphology  (83.3%  ± 
4.4%).  Although  cells  with  apoptoticlike  nuclei  (16.7%  ± 
1 .8%)  were  occasionally  observed,  neurons  with  necrotic 
nuclei  were  not  detected  in  this  set  of  control  cultures. 
Analysis  of  DAPI  staining  in  CXjD  cultures  revealed  a 
significantly  lower  percentage  of  healthy  nuclei  (57.3% 
±  9.3%,  P  <  0.001)  and  significantly  higher  percentage  of 
apoptoticlike  nuclei  (40.3%  ±  8.6%,  P  <  0.001),  com¬ 
pared  with  control  cultures.  Although  OGD  cultures  also 
contained  more  necrotic  nuclei  (2.3%  ±  1.5%)  than  con¬ 
trol  cultures,  necrotic  cells  were  rarely  observed. 

Examination  of  GFAP  staining  in  control  and  OGD 
cultures  showed  that  most  GFAP-positive  cells  were 
healthy  astroglia  with  large  cell  bodies,  extensive  pro¬ 
cesses,  and  diffuse  and  even  immunoreactivity  (Fig.  3E 
and  3G,  respectively).  Astroglial  nuclei  were  large  and 
oval-shaped  with  even  chromatin  distribution  (Fig.  3F 
and  3H).  Although  most  IR  cells  in  OGD  cultures  ap¬ 
peared  healthy,  cells  with  shrunken  cell  bodies,  broken 
processes,  and  aggregated  GFAP  immunoreactivity  also 
were  observed  (Fig.  3G). 

These  cells  possessed  shrunken  nuclei  with  highly 
condensed  chromatin  and  apoptotic  bodies  (Fig.  3H). 
Quantitative  assessment  of  DAPI  staining  in  GFAP  IR 
cells  (50  random  IR  cells  per  sample)  showed  that  most 
GFAP-positive  cells  in  control  (98.3%  ±  12.7%)  and 
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FIG.  3.  Neuronal  and  glial  morphology  after  oxygen-glucose  deprivation  (OGD).  Cultures  were  immunolabeled  with  NeuN  and  MAP2  or 
GFAP  (glial  fibrillary  acidic  protein)  and  were  counterstained  with  DAPI  to  assess  morphologic  and  nuclear  changes  after  OGD  (10  hours 
+  24  hours  of  reperfusion).  Cells  were  examined  under  high  magnification  (lOOOx).  (A)  NeuN/MAP2  immunoreactive  (IR)  cells  in  control 
cultures  possessed  large  cell  bodies  (thin  arrow,  wide  arrow)  and  severed  intact  processes  (arrowhead)  that  were  intensely  labeled  for 
both  neuronal  markers.  (B)  These  cells  contained  healthy,  oval-shaped  nuclei  with  diffuse  chromatin  distribution  (thin  arrow,  wide  arrow). 
(C)  Cultures  deprived  of  oxygen  and  glucose  showed  a  substantial  number  of  neurons  with  shrunken  cell  bodies  (thin  arrow,  wide  arrow) 
and  fragmented  processes  (arrowhead).  (D)  Neuronal  nuclei  were  shrunken,  irregularly  shaped  and  possessed  highly  condensed 
chromatin  (thin  arrow,  wide  arrow).  Apoptotic  nuclei  not  IR  for  NeuN  or  MAP2  also  were  observed  (small  arrow).  (E)  Control  cultures 
contained  healthy  astroglia  with  large  cell  bodies,  extensive  processes,  and  diffuse  and  even  immunoreactivity  (arrow).  (F)  Nuclei  were 
large  and  oval-shaped  with  even  chromatin  distribution  (arrow).  (G)  OGD  cultures  contained  a  majority  of  healthy  GFAP-positive  cells 
(wide  arrow),  but  cells  with  shrunken  cell  bodies,  broken  processes,  and  aggregated  GFAP  immunoreactivity  also  were  observed  (thin 
arrow)  and  characterized  as  apoptotidike.  (H)  Nuclei  in  healthy  astroglia  resembled  those  detected  in  control  cultures  (wide  arrow). 
Apoptotic  astroglia  contained  shrunken  nuclei  with  highly  condensed  chromatin  and  apoptotic  bodies  (thin  arrow).  Scale  bars  =  1  pm. 
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OGD  (91.4%  ±  27.2%)  cultures  possessed  healthy  nu¬ 
clei.  DAPl  staining  revealed  some  effects  of  OGD,  in¬ 
cluding  a  decreased  percentage  of  healthy  nuclei  and  an 
increased  percentage  of  apoptoticlike  nuclei  (8.4%  ± 
2.0%),  compared  with  control  cells  (1.6%  ±  1.5%),  but 
these  differences  were  not  statistically  significant.  Ne¬ 
crotic  nuclei  were  rarely  observed  in  either  control  (0.2% 
±  0.5%)  or  OGD  (0.2%  ±  0.5%)  cultures. 

Calpain  and  caspase-3  proteolysis  of  a-spectrin 
after  oxygen-glucose  deprivation 

Western  blots.  Activation  of  calpain  and  caspa.se-3 
after  OGD  was  assessed  with  Western  blots  examining 
proteolysis  of  cx-spectrin  (Fig.  4A  and  4B).  After  10 
hours  of  OGD,  samples  were  collected  immediately  (0 
hour),  3,  12,  24,  or  48  hours  after  cultures  were  returned 
to  a  normal  environment.  Control  samples  and  .samples 


deprived  of  oxygen  and  glucose  for  10  hours  and  col¬ 
lected  immediately  after  injury  showed  no  evidence  of 
calpain-mediated  proteolysis  of  a-spectrin.  However,  3 
hours  after  reperfusion,  proteolysis  of  a-spectrin  into 
150-kDa  and  calpain-mediated  145-kDa  BDPs  was  sig¬ 
nificantly  increased  over  control  values  (P  <  0.001). 
Degradation  of  a-spectrin  continued  and  proteolysis  into 
the  145-kDa  BDP  also  was  increased  after  12,  24,  and  48 
hours  of  reperfusion  (P  <  0.001).  Modest  degradation  of 
native  a-spectrin  was  observed  after  48  hours  of  reper¬ 
fusion  (P  <  0.01).  Slight  increases  in  caspase-3-mediated 
proteolysis  were  detected  after  injury,  but  formation  of 
the  120-kDa  BDP  was  variable  and  did  not  differ  sig¬ 
nificantly  from  control.  However,  immunoblots  detected 
proteolysis  of  the  caspase-3  proenzyme  to  the  activated 
isoform  (Fig.  4C),  suggesting  that  analyses  of  autolytic 
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FIG.  4.  Calpain-  and  caspase-3-medi- 
ated  proteolysis  of  a-spectrin  after  oxy¬ 
gen-glucose  deprivation  (OGD).  (A) 
Representative  Western  blot  showing 
calpain-  and  caspase-3-mediated  pro¬ 
teolysis  of  «-spectrin  after  OGD.  Control 
samples  and  samples  collected  imme¬ 
diately  (0  hour)  after  injury  showed  no 
evidence  of  calpain-mediated  proteoly¬ 
sis  of  tt-spectrin.  Accumulation  of  the 
150-  and  145-kDa  BDPs  was  detected 
3, 12, 24,  and  48  hours  after  OGD.  Mod¬ 
erate  increases  in  the  caspase-3- 
mediated  BDP  were  detected  after  in¬ 
jury,  but  fomnation  of  the  120-kDa  BDP 
was  variable.  (B)  Calpain-  and  caspase- 
3-mediated  proteolysis  of  a-spectrin 
semiquantitative  analysis.  Data  from 
multiple  Western  blots  analyzing  a- 
spectrin  proteolysis  were  acquired  as 
integrated  densitometric  values  and 
transformed  to  percentages  of  the  den¬ 
sitometric  values  obtained  from  control 
samples.  Formation  of  the  150-  and 
145-kDa  BDPs  was  increased  after 
OGD  with  3,  12,  24,  and  48  hours  of 
reperfusion,  whereas  modest  degrada¬ 
tion  of  native  a-spectrin  (240  kDa)  was 
detected  after  48  hours  of  reperfusion. 
Accumulation  of  the  caspase-3-medi- 
ated  120-kDa  BDP  was  variable.  *P  < 
0.01.  fP  <  0.001.  (C)  Activation  of 
caspase-3  after  OGD.  Proteolysis  of 
caspase-3  (32  kDa)  to  the  activated  iso¬ 
form  (17  kDa)  was  examined  after  10 
hours  of  OGD  and  0, 12, 24,  or  48  hours 
of  reperfusion.  Degradation  of  the  pro¬ 
enzyme  (32  kDa)  was  evident  12,  24, 
and  48  hours  after  injury.  Proteolysis  of 
caspase-3  into  the  17-kDa  subunit  was 
detected  with  all  lengths  of  reperfusion 
examined. 
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activation  of  the  caspase-3  proenzyme  may  be  more  sen¬ 
sitive  than  analyses  of  processing  of  cytoskeletal  protein 
substrates. 

Immunocytochemistry.  Primary  mixed  septo-hippo- 
campal  cultures  were  double-labeled  with  antibodies 
specific  for  calpain  (SBDP  150)  and  caspase-3  (SBDP 
1 20)  mediated  ci-spectrin  proteolytic  fragments  and  were 
counterstained  with  DAPl  (Fig.  5).  Across  all  treatment 
conditions,  cells  with  evidence  of  nuclear  damage  exhib¬ 
ited  strong  immunoreactivity,  whereas  most  healthy  cells 
showed  faint  or  no  immunoreactivity.  Cultures  deprived 
of  oxygen  and  glucose  had  significantly  increa.sed  cellu¬ 
lar  colocalization  of  SBDP  150  and  SBDP  120  (93.5  ± 
16.7  cells  per  sample,  P  <  0.001),  compared  with  control 
cultures  (23  ±  8.6  cells  per  sample).  Although  OGD  cul¬ 
tures  contained  substantially  more  IR  cells  than  control 
cultures,  examination  of  immunocytochemistry  showed  a 
similar  distribution  of  protea.se  activation,  regardless  of 
treatment  condition  (Fig.  5A  and  5C).  Virtually  all  IR 
cells  in  control  and  OGD  cultures  showed  concurrent 
calpain  and  caspase-3  proteolysis  in  varying  magnitudes 
(Fig.  5A  and  5C).  Immunolabeling  in  control  (Fig.  5A) 
and  OGD  (Fig.  5C)  cultures  resulted  in  subcellular  lo¬ 
calization  of  BDPs  unique  from  staurosporine  (Fig.  5E) 
or  maitotoxin  cultures  (Fig.  5G).  In  control  and  OGD 
cells,  SBDP  150  was  localized  exclusively  within  the  cell 
body,  that  is,  near  the  nuclear  membrane.  Conversely, 
SBDP  120  immunoreactivity  was  detected  throughout 
the  entire  cell  body,  specifically  along  the  outer  bound¬ 
ary  of  the  cell  membrane,  and  in  the  proximal  processes 
(Fig.  5A  and  5C).  The  nuclei  of  IR  cells  were  shrunken, 
irregularly  shaped,  posses.sed  condensed  chromatin,  and 
were  considered  apoptoticlike  (Fig.  5B  and  5D).  Stauro¬ 
sporine  injured  cells  were  immunoreactive  for  both 
SBDP  120  and  SBDP  150  in  cells  exhibiting  apoptotic¬ 
like  nuclear  morphology  (Fig.  5E  and  5F).  Notably,  dif¬ 
ferent  relative  magnitudes  of  caspase-3  and  calpain 
activation  were  evident  in  individual  cells,  but  distinct 
localization  of  BDPs  was  not  as  apparent  as  the  immu¬ 
noreactivity  in  control  and  OGD  cells.  Maitotoxin- 
injured  cells  showed  predominantly  calpain-mediated 
BDPs  in  cells  exhibiting  the  classic  necrotic  nuclear  mor¬ 
phology  of  rounded,  brightly  fluoresced  nuclei  with  pyk- 
notic  chromatin  (Fig.  5G  and  5H). 

Quantitative  analysis  of  DAPI  staining  in  cells  immu¬ 
noreactive  for  SBDP  150  or  SBDP  120  (data  not  shown) 
revealed  that  the  majority  of  IR  cells  possessed  apopto¬ 
ticlike  nuclei  in  control  (95.7%  ±  38.7%)  and  OGD 
(97.9%  ±  17.2%)  cultures.  Few  IR  cells  exhibiting  a 
necrotic  cell  death  phenotype  were  observed  in  control 
(1.4%  ±  3.7%)  or  OGD  (1.4%  ±  1.5%)  cultures.  Occa¬ 
sionally,  IR  cells  with  healthy  nuclei  were  present  in 
control  (2.9%  ±  3.2%)  and  OGD  (0.7%  ±  1 .0%)  cultures. 
However,  these  cells  may  have  been  in  the  initial  stages 


of  cell  death  in  which  nuclear  changes  were  not  yet 
apparent. 

Effects  of  calpain  and  caspase  inhibitors 

Preliminary  experiments  using  protease  inhibitors  in 
cultures  subjected  to  10  hours  of  OGD  and  24  hours  of 
reperfusion  data  failed  to  show  protection  against  cell 
death  when  LDH  release  was  assayed  (data  not  shown). 
These  data  suggested  that  24  hours  of  reperfusion  was 
too  long  a  period  to  allow  the  inhibitors  to  be  effective, 
or  that  the  inhibitors  became  toxic  after  such  long  peri¬ 
ods.  Moreover,  the  current  data  demonstrated  robust  cell 
death,  DNA  fragmentation  (Fig.  2),  and  protease  activa¬ 
tion  (Fig.  4)  with  10  hours  of  OGD  and  12  hours  of 
reperfusion.  In  an  attempt  to  show  protection  and  there¬ 
fore  involvement  of  calpain  and  caspase-3,  cells  were 
subjected  to  10  hours  of  OGD  with  12  hours  of  reperfu¬ 
sion  in  the  presence  of  protease  inhibitors.  Lactate  de¬ 
hydrogenase  analysis  (Fig.  6A)  showed  significant  de¬ 
creases  in  relea.se  with  CI-3  (1(X)  p,mol/L;  P  <  0.001) 
compared  with  vehicle-treated  cultures.  The  specific 
caspase-3  inhibitor,  DEVD-fmk  (100  |xmol/L,  P  <  0.05), 
also  inhibited  LDH  release;  however,  decreases  were  not 
statistically  significant  compared  with  vehicle-treated 
cultures.  The  pan-caspase  inhibitor,  Z-D-DCB  (100 
p,mol/L),  had  no  effect  on  LDH  release.  Dimethyl  sulf¬ 
oxide  also  decreased  LDH  release,  but  this  effect  was  not 
significantly  different  from  the  OGD  and  media  cultures. 

Consistent  with  the  LDH  data,  We.stem  blot  analyses 
of  these  samples  (Fig.  6B)  showed  that  CI-3  decreased 
proteolysis  of  native  240  kDa  a-spectrin  and  almost 
completely  blocked  the  formation  of  the  150/145  kDa 
doublet.  Z-D-DCB  also  inhibited  formation  of  the  145 
kDa  BDP  to  a  small  extent,  but  had  only  a  minor  effect 
on  the  caspa.se-3-mediated  BDP  (120  kDa).  Surpris¬ 
ingly,  DEVD-fmk  dramatically  reduced  the  calpain- 
mediated  BDP,  but  only  had  a  modest  effect  on  the  120 
kDa  band.  Subsequent  experiments  investigating  com¬ 
bined  inhibition  using  Cl-3  and  DEVD-fmk  failed  to 
show  a  synergistic  mechanism.  Future  experiments 
should  examine  more  extensive  dosing  protocols. 

DISCUSSION 

Although  numerous  studies  have  investigated  calpain 
and  caspase-3  activation  after  acute  CNS  trauma,  no 
study  has  examined  the  relation  between  protease  acti¬ 
vation  and  expression  of  cell  death  phenotypes.  In  the 
current  study,  the  authors  detected  prominent  expression 
of  apoptoticlike  cell  death  phenotypes  following  a  model 
of  OGD,  especially  in  neurons.  Moreover,  coactivation 
of  calpain  and  caspase-3  was  almost  always  detected  in 
cells  exhibiting  apoptoticlike  cell  death  phenotypes. 

Oxygen-glucose  deprivation  resulted  in  both  apopto¬ 
sis  and  necrosis  in  this  culture  system.  Although  apop- 
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FIG.  5.  Calpain  and  caspase-3  proteolysis  of  <»-specfrin  in  individual  cells  following  oxygen-glucose  deprivation  (OGD).  Primary  mixed 
septo-hippocampal  cultures  were  immunolabeled  with  antibodies  specific  for  calpain-  (SBDP  150,  red  fluorescence)  and  caspase-3 
(SBDP  120,  green  fluorescence )-mediated  a-spectrin  fragments,  and  counterstained  with  DAPI.  (A)  The  majority  of  cells  in  control 
cultures  were  not  immunoreactive  (IR)  for  a-spectrin  BDPs;  however,  cells  that  were  IR  exhibited  both  calpain-  and  caspase-3-mediated 
BDPs  (thin  arrow,  wide  arrow).  (B)  Nuclei  of  IR  cells  were  shrunken  and  exhibited  chromatin  condensation  (thin  arrow,  wide  arrow)  and 
apoptotic  bodies  were  also  evident  (arrowhead).  (C)  OGD  cultures  also  showed  concurrent  calpain  and  caspase-3  proteolysis  (thin  arrow, 
wide  arrows).  In  addition,  IR  cells  from  control  (A)  and  OGD  (C)  cultures  showed  subcellular  localization  of  BDPs;  SBDP  150  was  detected 
exclusively  within  the  cell  body,  while  SBDP  120  was  observed  throughout  the  entire  cell  body  and  the  proximal  processes  (A,  C,  all 
arrows).  (D)  Nuclei  of  IR  cells  in  OGD  cultures  were  shrunken,  irregularly  shaped,  and  possessed  highly  condensed  chromatin  (wide 
arrows).  Nuclei  with  chromatin  margination  along  the  periphery  of  the  nuclear  membrane  were  also  detected  (thin  arrow).  (E)  Stauro- 
sporine-injured  cells  were  IR  for  SBDP  120  and  SBDP  150  and  different  relative  magnitudes  of  protecise  activation  were  evident  in 
individual  cells  (thin  arrow,  wide  arrow,  arrowhead).  (F)  IR  cells  exhibited  nuclear  morphology  consistent  with  apoptosis  (thin  arrow,  wide 
arrow,  arrowhead).  (G)  Maitotoxin-injured  cells  exhibited  calpain-mediated  BDPs  (arrow).  (H)  Nuclei  of  IR  cells  were  rounded,  brightly 
fluoresced,  exhibited  pyknotic  chromatin,  and  were  considered  necrotic  (arrow).  Scale  bar  =  1  pm. 
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FIG.  6.  (A)  Effect  of  protease  inhibition  on  lactate  dehydroge¬ 
nase  (LDH)  release  following  oxygen-glucose  deprivation 
(OGD).  Cultures  were  subjected  to  OGD  (10  hours  +  12  hours  of 
reperfusion)  alone,  or  combined  with  varying  doses  of  protease 
inhibitors.  Cell  viability  was  assessed  by  measuring  LDM  release 
and  expressed  as  percent  of  control.  Significant  decreases  in 
LDH  release  were  detected  virith  administration  of  CI-3  (100 
pmol/L)  compared  to  vehicle-treated  cultures.  DEVD-fmk  (100 
pmol/L)  also  inhibited  LDH  release;  however,  decreases  were  not 
statistically  significant  compared  to  vehicle-treated  cultures. 
Z-D-DCB  (100  pmol/L)  had  no  effect  on  cell  viability.  DMSO  (2 
pL/mL)  also  decreased  LDH  release,  but  its  effect  was  not  sig- 
nificantty  different  from  the  OGD/media  cultures.  *P  <  0.05  and 
fP  <  0.001  compared  to  control;  iP  <  0.05  and  §P  <  0.001 
compared  to  OGD/media;  'P  <  0.01  compared  to  vehicle-treated 
OGD.  (B)  Effect  of  protease  inhibition  on  u-spectrin  proteolysis. 
Western  blot  analyses  of  a-spectrin  proteolysis  assessed  inhibi¬ 
tion  of  appropriate  proteases.  CI-3  (100  pmol/L)  decreased  pro¬ 
teolysis  of  native  240  kDa  a-spectrin  and  the  formation  of  the 
150/145  kDa  doublet.  Z-D-DCB  (100  pmol/L)  had  a  small  effect 
on  the  accumulation  of  the  145  kDa  and  120  kDa  BDPs.  DEVD- 
fmk  (100  pmol/L)  substantially  reduced  the  formation  of  the  145 
kDa  BDP,  but  had  only  a  modest  effect  on  the  formation  of  the 
120  kDa  BDP. 


totic  and  necrotic  cell  death  have  been  observed  in  some 
models  of  in  vitro  ischemia  (Kalda  et  al.,  1998),  other 
models  do  not  observe  apoptosis  unless  glutamate  recep¬ 
tor  antagonists  are  used  (Gottron  et  al.,  1997;  Gwag  et 
al.,  1995;  Lobner  and  Choi,  1996).  Variations  in  cell 
culture  methodology,  including  culture  age  at  time  of 
injury  and  glial  density,  may  be  responsible  for  these 
discrepancies.  Consistent  with  the  prominent  role  of  ap¬ 
optosis  in  development,  younger  cultures,  such  as  those 
used  in  this  study,  are  more  susceptible  to  apoptosis  after 
cyclosporine  or  staurosporine  treatment  (McDonald  et 


al.,  1997),  whereas  older  neurons  are  more  vulnerable  to 
A/-methyl-d-aspartate  toxicity  (McDonald  et  al.,  1997) 
and  hypoxia  (Di  Loreto  and  Bale.strino,  1997).  In  con¬ 
trast  to  this  article,  studies  that  detected  only  necrosis 
after  OGD  used  neuronally  enhanced  cell  cultures  (Gold¬ 
berg  and  Choi,  1993;  Gottron  et  al.,  1997;  Lobner  and 
Choi,  1996).  Increased  .sensitivity  to  glutamate  toxicity 
and  OGD  has  been  observed  in  neuronally  enhanced  cul¬ 
tures  (Zhao  et  al.,  2000;  Dugan  et  al.,  1995),  suggesting 
that  the  absence  of  glia  may  intensify  a  neuron’s  re¬ 
sponse  to  injury.  It  is  conceivable  that  higher  glial  con¬ 
centrations  in  the  current  model  of  OGD  blunted  the 
effects  of  deprivation  and  resulted  in  a  slower  and  milder 
injury.  Notably,  in  vitro  studies  have  shown  that  the 
same  insult  can  produce  apoptosis  or  necrosis  depending 
on  its  severity  (Bonfoco  et  al.,  1995). 

Cell  death  after  (XjD  was  associated  with  concurrent 
activation  of  calpain  and  caspase-3.  Although  immuno- 
cytochemical  experiments  revealed  robust  caspase-3- 
mediated  proteolysis  of  a-spectrin  (120  kDa),  Western 
blots  failed  to  detect  consistent  increases  in  this  proteo¬ 
lytic  fragment.  Use  of  different  primary  antibodies 
(monoclonal  versus  polyclonal)  and  methods  of  detec¬ 
tion  (enhanced  chemiluminescence  reagents  versus  fluo¬ 
rescence)  may  be  responsible  for  these  inconsistencies. 
Western  blots  using  an  antibody  to  the  activated 
caspase-3  17-kDa  subunit  did  provide  evidence  of 
caspase-3  activation,  confirming  immunohistochemical 
observations  of  caspase-3  activation  and  suggesting  that 
Western  blot  assessments  of  proenzyme  processing  may 
be  more  sensitive  than  measures  of  substrate  degradation 
in  some  model  systems. 

Cells  phenotypically  showing  apoptoticlike  nuclear 
profiles  exhibited  prominent  expression  of  calpain  and 
caspase-3,  suggesting  that  there  may  be  as  yet  undefined 
interactions  between  these  two  proteases  in  the  expres¬ 
sion  of  the  apoptotic  phenotype.  Calpain  and  caspase-3 
share  a  variety  of  substrates  that  are  proteolyzed  during 
apoptosis  (Wang,  2000).  In  addition,  these  proteases 
cleave  proteins  important  to  each  other’s  regulation — 
that  is,  caspase-3-mediated  proteolysis  of  calpastatin, 
calpain-mediated  proteolysis  of  pro-caspase-3  and  pro- 
caspa.se-9  (Wang  et  al.,  1998a;  McGinnis  et  al.,  1999; 
Wolf  et  al.,  1999).  Furthermore,  calpains,  but  not 
caspases,  promote  apoptoticlike  events  during  platelet 
activation  (Wolf  et  al.,  1999).  Additional  evidence  for 
calpain’s  involvement  in  apoptotic  cell  death  in  CNS 
injury  is  provided  by  recent  studies  examining  in  vivo 
TBl  and  i.schemia.  Calpain-mediated  breakdown  prod¬ 
ucts  have  been  detected  in  the  injured  cortex  after  TBI 
(Beer  et  al.,  2000;  Pike  et  al.,  1998a),  a  site  associated 
with  prominent  apoptotic  cell  death  (Beer  et  al.,  2000; 
Newcomb  et  al.,  1999),  although  evidence  of  caspase-3 
activation  in  this  region  has  yielded  conflicting  data 
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(Beer  et  al.,  2(KX);  Pike  et  al.,  1998a).  These  discrepan¬ 
cies  may  be  attributable  to  differences  in  injury  magni¬ 
tude,  animal  age,  or  species;  these  issues  currently  are 
being  addressed  in  both  laboratories.  After  in  vivo  isch¬ 
emia,  approximately  50%  of  TUNEL-positive  cells 
failed  to  show  caspase-3  activation  (Namura  et  al., 
1998),  suggesting  that  other  protea,ses,  such  as  calpain, 
are  involved  in  the  apoptotic  changes  observed  after 
injury. 

Inhibition  of  calpain  substantially  decrea.sed  LDH  re¬ 
lease  after  OGD  with  12  hours  of  reperfusion,  suggesting 
that  calpain  activation  contributes  to  cell  death  in  this 
model.  Inhibition  of  caspase-3  with  DEVD-fmk  also  re¬ 
duced  LDH  release,  although  this  drug  also  showed 
marked  inhibition  against  calpain  activation.  Thus,  the 
current  study  did  not  allow  for  comparisons  of  the  rela¬ 
tive  contribution  of  these  two  proteases  to  cell  death  in 
this  model.  It  is  unclear  why  DEVD-fmk  showed  sub¬ 
stantial  calpain  inhibition  and  only  modest  caspase-3  in¬ 
hibition,  but  these  data  suggest  that  this  agent  is  not  a 
specific  inhibitor  of  caspase-3  activation,  at  least  in  this 
model  system.  Although  not  directly  addressed  in  this 
•Study,  future  experiments  must  more  rigorously  investi¬ 
gate  the  relative  contribution  of  calpain  and  caspa.se-3  to 
the  expression  of  apoptotic  cell  death  phenotypes. 

Although  the  current  study  relied  in  part  on  morpho¬ 
logic  characteristics  of  cell  death  phenotypes,  a  number 
of  observations  suggest  that  biochemical  markers  ulti¬ 
mately  may  be  more  useful  indicators  of  cell  death,  es¬ 
pecially  in  acute  neurologic  insults  characterized  by  het¬ 
erogeneous  or  ambiguous  cell  death  phenotypes.  In  this 
study,  appearance  of  necrotic  cell  death  depended  on 
method  of  detection.  Using  chromatin  dyes  to  distinguish 
necrotic  and  apoptotic  nuclear  morphology  is  problem¬ 
atic  because  nuclei  may  exhibit  characteristics  either  of 
both  types  (Colicos  and  Dash,  1996)  or  neither  type 
(Zhao  et  al.,  2000)  of  cell  death.  In  fact,  mo.st  techniques 
used  to  differentiate  apoptosis  also  have  been  reported  to 
label  necrosis,  perhaps  because  late  events  are  similar  in 
both  types  of  cell  death  (Choi,  1996).  Some  investigators 
have  argued  that  necrosis  and  apoptosis  may  not  be  phe- 
notypically  distinct  events,  but  rather  represent  a  mor¬ 
phologic  continuum  (Bonfoco  et  al.,  1995;  Portera- 
Cailliau  et  al.,  1997).  This  issue  is  further  complicated  by 
evidence  showing  that  the  same  insult  can  cause  apop¬ 
tosis  and  necrosis  in  different  cell  populations  (Sloviter 
et  al.,  1996)  or  can  result  in  an  acute  necrotic  death  with 
a  delayed  apmptotic  death  (Ankarcrona  et  al.,  1995;  Pang 
and  Geddes,  1997). 

In  summary,  the  current  data  demonstrate  that  coacti¬ 
vation  of  calpain  and  caspase-3  is  a  reliable  characteristic 
of  apoptotic  cell  death  in  the  current  model  system. 
These  observations  strongly  suggest  that  calpain  activa¬ 
tion,  in  combination  with  caspase-3  activation,  could 
contribute  to  the  expression  of  apoptotic  cell  death  by 


assisting  in  the  proteolytic  degradation  of  important 
cellular  proteins  (Wang,  2000).  Finally,  interactions 
between  these  two  cysteine  proteases  could  be  important 
determintmts  of  cell  death. 
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ABSIRACT 

In  this  study,  we  examined  the  expression  and  cellular  localization  of  survivin  and  proliferatinjr  cell 
nuclear  antigen  (PCNA)  after  controlled  cortical  impact  traumatic  brain  injury  (TBI)  in  rats.  There 
was  a  remarkable  and  sustained  induction  of  survivin  niRNA  and  protein  in  the  ipsilateral  cortex 
and  hippocampus  of  rats  after  TBI,  peaking  at  five  days  post  injury.  In  contrast,  both  survivin 
mRNA  and  protein  were  virtually  undetectable  in  craniotomy  control  animals.  Concomitantly,  ex¬ 
pression  of  PCNA  was  also  significantly  enhanced  in  the  ipsilateral  cortex  and  hippocampus  of  these 
rats  with  similar  temporal  and  spatial  patterns.  Immunohistochemistry  revealed  that  survivin  and 
PCNA  were  co-expressed  in  the  same  cells  and  had  a  focal  distribution  within  the  injured  brain. 
Further  analysis  revealed  a  frequent  co-localization  of  survivin  and  GFAP,  an  astrocytic  marker, 
in  both  the  ipsilateral  cortex  and  hippocampus,  while  a  much  smaller  subset  of  cells  showed  co-lo¬ 
calization  of  survivin  and  NcuN,  a  mature  neuronal  marker.  Neuronal  localization  of  survivin  was 
observed  predominantly  in  the  ipsilateral  cortex  and  contralateral  hippocampus  after  TBI.  PCNA 
protein  expression  was  detected  in  both  astrocytes  and  neurons  of  the  ipsilateral  cortex  and  hip¬ 
pocampus  after  TBI.  Collectively  these  data  demonstrate  that  the  anti-apoptotic  protein  survivin, 
previously  characterized  in  cancer  cells,  is  abundantly  expressed  in  brain  tissues  of  adult  rats  sub¬ 
jected  to  TBI.  We  found  survivin  expression  in  both  astrocytes  and  a  sub-set  of  neurons.  In  addi¬ 
tion,  the  expression  of  survivin  was  co-incident  with  PCNA,  a  cell  cycle  protein.  This  suggests  that 
survivin  may  be  involved  in  regulation  of  neural  cell  proliferative  responses  after  traumatic  brain 
injury. 


Key  words:  a.strocytc;  neuron;  PCNA;  survivin;  traumatic  brain  injury 


INTRODUCTION 


Traumatic  brain  injury  (TBI)  is  a  major  health  care 
issue  that  can  lead  to  pennanent  motor,  cognitive  and 


behavioral  deficits.  These  deficits  are  the  result  of  neural 
tissue  injury  and  cell  death,  most  of  which  occurs  within 
the  first  days  after  injury  (Raghupathi  et  al.,  2000).  The 
ability  of  this  tissue  to  resist  injury  and  recover  depends 
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largely  on  two  factors,  the  survival  potential  of  the  cells 
and  the  proliferative  ability  of  the  cells  in  the  affected 
area.  Therefore,  proliferation  of  cells  in  response  to  in¬ 
jury  is  important  in  the  compensatory/reparative  process. 
Astrocytes  multiply  possibly  to  support  surviving  neu¬ 
rons  and  prevent  further  tissue  damage  through  forma¬ 
tion  of  the  glial  scar  (Ridet  ct  al.,  1 997;  Bush  et  al.,  1 999; 
Smith  et  al.,  2001).  Microglia  increase  to  remove  cellu¬ 
lar  debris  and  promote  recovery  (Giulian,  1991).  Neu¬ 
rons  may  be  replenished  by  neural  stem  cells  in  the  den¬ 
tate  gyrus  and  subventricular  zones  (Doctsch  et  al.,  1999; 
Cameron  and  McKay,  2001;  Kernic  ct  al.,  2001;  Yagita 
ct  al.,  2001;  Peterson,  2002).  Consistent  with  these  find¬ 
ings,  cell  cycle  protein  expression  has  been  shown  after 
TBI  (Kaya  et  al.,  1999a).  However,  studies  have  not  in¬ 
vestigated  the  role  of  survivin,  a  pro-mitotic  and  anti- 
apoptotic  protein,  in  the  adult  brain  after  TBI. 

Survivin  is  a  novel  member  of  the  inhibitor  of  apopto¬ 
sis  protein  (lAP)  family  that  can  inhibit  activated  caspascs 
(Ambrosini  ct  al.,  1997;  LaCassc  ct  al.,  1998;  Takahashi 
et  al.,  1998;  Tamm  et  al.,  1998;  Deveraux  and  Reed,  1999; 
Li  and  Altieri,  1999;  Muchmore  et  al.,  2000;  Jiang  et  al., 
2001).  Surx'ivin  is  also  an  evolutionarily  conserved  chro¬ 
mosomal  passenger  protein  that  is  required  for  proper 
completion  of  mitosis.  Survivin  is  present  during  nonnal 
tissue  development  (Adida  ct  al.,  1998;  Kobayashi  et  al., 
1999)  but  is  absent  in  most  adult  tissues  including  the 
brain  (Ambrosini  et  al.,  1997;  Kobayashi  ct  al.,  1999). 
Many  cancer  cell  lines  and  cancer  tumors,  such  as  neural 
derived  neuroblastoma  and  glioblastoma,  which  prolifer¬ 
ate  at  high  rates,  exhibit  survivin  over-expression  (Altieri 
et  al.,  1999;  Sa.saki  et  al.,  2002).  In  addition,  blocking  sur¬ 
vivin  expression  with  anti-sense  oligonucleotides  in  these 
cell  lines  leads  to  cell  death  (Shankar  et  al.,  2001). 

In  this  paper,  we  demonstrate  the  induction  of  survivin 
expression  at  the  levels  of  mRNA  and  protein  in  the  cor¬ 
tex  and  hippocampus  of  rats  after  traumatic  brain  injury. 
Survivin  protein  was  primarily  localized  to  astrocytes  and 
in  a  small  subset  of  neurons  as  indicated  by  its  co-local¬ 
ization  with  GFAP  and  NeuN.  In  addition,  a  remarkable  in¬ 
duction  of  proliferating  cell  nuclear  antigen  (PCNA)  was 
observed  after  TBI  and  also  localized  to  astrocytes  and  neu¬ 
rons.  Finally,  survivin  and  PCNA  were  co-expressed  in  sin¬ 
gle  cells  suggesting  a  possible  role  for  survivin  in  regula¬ 
tion  of  cellular  proliferative  responses  following  TBI. 

MATERIALS  AND  METHODS 

Induction  of  Controlled  Cortical  Impact 
Brain  Injury 

The  surgical  and  cortical  impact  injury  procedures 
were  conducted  as  previously  described  (Dixon  et  al., 
1991;  Pike  et  al.,  1998).  Briefly,  adult  male  Sprague- 


Dawley  rats  (250-300  g)  were  anesthetized  with  4% 
isollurane  (Halocarbon  Laboratories;  River  Edge,  NJ)  in 
1 : 1  O2/N2O  for  4  min  and  maintained  during  surgery  with 
2.5%  isoflurane.  Core  body  temperature  was  continu¬ 
ously  monitored  using  a  rectal  themiistor  probe  and  main¬ 
tained  at  36.5-37.5°C  using  an  adju.stable  heating  pad.  A 
unilateral  craniotomy  (ipsilatcral  to  injury)  was  performed 
over  the  right  cortex  between  the  sagittal  suture,  bregma, 
and  lambda  while  leaving  the  dura  intact.  Traumatic  in¬ 
sult  was  generated  by  impacting  the  exposed  cortex  with 
a  5-nim-diamcter  aluminum  tip  at  a  velocity  of  4  m/sec, 
a  150-m.sec  dwell  time,  and  a  1.6-mm  compression.  Cran¬ 
iotomy  control  animals  received  the  cra-niotomy  but  not 
the  impact  injury.  All  procedures  were  perfonned  ac¬ 
cording  to  guidelines  established  by  the  University  of 
Florida  Institutional  Animal  Care  and  Use  Committee 
(lACUC)  and  the  National  Institutes  of  Health  (Nlll). 

Quantitative  Real-Time  Polymerase  Chain 
Reaction  (Q-PCR) 

Survivin  primers  were  generated  using  GeneBank  lo¬ 
cus  AF  276775;  forward  primer  5'  TAAGC  CACTT 
GTCCC  AGCTT  3',  and  reverse  primer  5'  AGGAT 
GGTAC  CCCAT  TACCT  3'.  GAPDH:  forward  primer 
5'  CjGCTG  CCTTC  TCTTG  TGAC  3'  and  the  reverse 
primer  5'  CACCA  CTTCG  TCCGC  CGG  3'.  Cortical 
and  hippocampal  tissues  from  the  ipsilatcral  and  con¬ 
tralateral  hemispheres  were  rapidly  excised  at  either  1,  2, 
3,  5,  7,  or  14  days  and  “snap-frozen”  with  liquid  nitro- 


Time  After  Injiiry  (tiiys) 


FIG.  1.  Survivin  mRNA  induction  in  rat  brain  after  traumatic 
brain  injury.  Rats  were  .subjected  to  craniotomy  followed  by 
controlled  cortical  impact  brain  injury.  Total  RNA  was  isolated 
from  injured  (ipsilatcral)  cortex  (ic)  and  hippocampus  (ih)  at 
indicated  post-injury  times.  cDNA  was  synthesized,  and  quan¬ 
titative  PCR  using  survivin  primers  was  perfonned,  Data  arc 
given  as  percent  of  survivin  expression  over  craniotomy  con¬ 
trols  (C.  Cont.);  each  time  point  represents  mean  ±  SEM  of 
four  independent  measurements  in  craniotomy  control  or  TBI 
group.  **p  <  0.01  versus  craniotomy  control  (onc-w'ay 
ANOVA  test  with  post  hoc  Bonferroni  analysis). 
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FIG.  2.  Expression  of  siirvivin  protein  after  TBI  in  rats.  Brain  tissue  homogenate  proteins  (40  jug)  were  separated  using  SDS- 
PAGE,  iinmunoblottcd  with  .survivin  antibody,  and  visualized.  (A)  Representative  Western  blot  of  survivin  (17-kDa  protein)  in 
ipsilateral  eorlex  (ic)  and  hippocampus  (ih),  contralateral  cortex  (cc)  and  hippoeampus  (ch)  obtained  from  injured  rats,  and  from 
craniotomy  control  rats  without  cortical  impact  (C.  Cont.).  Densitometry  analysis  rcprc.scntation  of  .survivin-positive  bands  in  ip- 
silatcral  (ic)  and  contralateral  (cc)  cortex  (B)  and  ipsilateral  (ih)  and  contralateral  (ch)  hippocampus  (C)  after  TBI  is  shown  as 
percent  of  craniotomy  control  values.  Each  data  point  represents  the  mean  ±  SEM  of  four  to  six  independent  experiments.  */;  < 
0.05.  •*p  <  0.001  versus  craniotomy  control  (one-way  ANOVA  test  with  post  hoc  Bonferroni  analysis). 
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FKi.  3.  Expression  of  PCNA  after  TEI  in  rats.  PVDF  membranes  visualized  for  survivin  were  stripped  and  re-probed  with 
PCNA  antibody.  Representative  western  blots  showing  PCNA  (36  kDa)  (A)  and  densitometry  analysis  of  PCNA-positive  bands 
(B,C)  arc  presented.  Experimental  conditions,  sample  size  and  abbreviations  arc  identical  to  those  in  Figure  2.  *p  <  0.05,  **p  < 
0.01  versus  craniotomy  control  (one-way  ANOVA  test  with  post  hoc  Bonferroni  analysis). 


gen.  Total  RN  A  wa.s  i.solatcd  from  the  .samples  using  TRI- 
zol  reagent  (Invitrogen,  Carlsbad,  CA)  according  to  the 
manufacturer’s  instructions.  cDNA  synthesis  was  per- 
fonned  using  1  ^g  of  total  RNA  with  the  Superscript''''^' 
First-Strand  Synthesis  System  for  RT-PCR  kit  (Invitro- 
gen/Life  Technologies,  Carlsbad,  CA)  according  to  the 


manufacturer's  instntetions.  Q-PCR  was  performed  as 
previously  described  (Tolentino  et  al.,  2002)  using  the 
LightCyeler-Fa.stStart  DNA  Master  SYBR  Green  1  reac¬ 
tion  mix  (Roche  Diagnostics,  Indianapoli.s,  IN)  in  com¬ 
bination  with  0.5  jiiM  primers,  2.5  mM  MgCH  in  the 
Light  Cycler  rapid  thermal  cycler  system  (Roche  Diag- 
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FI(i.  4.  Immunohistochcmistry  of  survivin  and  PCNA.  Double  fluorescent  immunostaining  for  survivin  (red)  and  PCNA  (green) 
was  performed  in  the  ipsilateral  cortex  (A)  and  hippocampus  (B)  at  5  day  post-injury.  Survivin  is  expressed  in  the  cytoplasm  (C, 
red),  while  PCNA  is  expressed  in  the  nucleus  (D,  green).  The  white  arrow  indicates  the  typical  focal  co-expression  of  survivin 
and  PCNA  as  shown  in  merged  survivin  and  PCNA  images  (E).  PCNA  expression  was  co-incident  with  DAPI  staining  (F,  blue, 
white  arrow).  Original  magnification,  X200;  bar  =  50  /am  (A,B);  original  magnification  X40(),  bar  =  20  /am  (C-F). 


nostics,  Indianapolis,  IN).  Briefly,  the  primers  were  ampli¬ 
fied  then  quantified  by  online  monitoring  and  identification 
of  the  crossing  point  value  (CPV)  which  is  the  exact  time 
point  at  which  the  logarithmic  linear  phase  could  be  dis¬ 
tinguished  from  the  background.  The  survivin  primer  sets 
were  subjected  to  serial  dilution  and  linear  regression  analy¬ 
sis  of  the  logarithm  of  the  dilution  factor  versus  the  CPV 
generated  a  standard  curve  for  each  tran.script-speci-fic  tem¬ 
plate.  Results  are  presented  as  percentage  of  cranio-tomy 
control.  Data  were  analyzed  by  ANOVA  with  a  post-hoc 
Bonferroni-test  and  are  given  as  mean  ±  SEM.  Differences 
were  considered  significant  at  the  level  of  p  s  0.05. 

Western  Blot  Analyses 

Brain  tissue  was  removed  as  described  above,  rinsed 
with  cold  PBS,  snap  frozen  in  liquid  nitrogen  and  ho¬ 


mogenized  in  ice-cold  triple  detergent  lysis  buffer  con¬ 
taining  a  Complete™  protease  inhibitor  cocktail  (Roche 
Biochemicals,  Indianapolis,  IN).  Protein  concentration 
was  dctcmiined  by  bicinchoninic  acid  (BCA)  micro  pro¬ 
tein  assays  (Pierce,  Inc.,  Rockford,  IL).  Forty  micrograms 
of  protein  per  well  was  loaded  and  separated  by  SDS- 
PAGE,  transferred  to  PVDF  membranes  and  probed  with 
goat-anti-rabbit  survivin  antibody  (Novus  Biologicals; 
Littleton,  CO;  1:1000).  After  incubation  with  goat  anti¬ 
rabbit  HRP-labelcd  secondary  antibody  (Biorad,  Her¬ 
cules,  CA),  the  membranes  were  developed  using  En¬ 
hanced  Chemiluminescence  Plus  reagents  (ECL  Plus; 
Amersham,  Arlington  Heights,  IL).  For  further  PCNA 
analysis,  developed  PVDF  membranes  were  incubated  in 
stripping  buffer,  rinsed  twice  in  TBST  and  incubated  with 
PCNA  antibody  (Santa  Cmz  Biotech;  Santa  Cruz,  CA; 
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1:1000)  as  described  above.  Semi-quantitative,  densito- 
mctric  analysis  was  perfonned  using  the  Alphalmager™ 
2000  Digital  Imaging  System  (San  Leandro,  CA).  Trans- 
fomicd  data  (experimental  densitometry  value/  crani¬ 
otomy  control  densitometry  value  X  1 00)  was  evaluated 
by  ANOVA  and  a  post-hoc  Bonferroni-test.  Values  are 
expressed  as  percentage  of  craniotomy  controls  and  are 
given  as  mean  ±  SEM.  Differences  were  considered  sig¬ 
nificant  at  the  level  of  p  ^  0.05. 

Characterization  of  Survivin  Antibody  (RSI) 

First,  we  compared  the  specificity  of  the  survivin  an¬ 
tibody  developed  within  our  group  (R5 1 ;  Dr.  G.  Shaw) 
and  a  commercially  available  survivin  antibody  (Chemi- 
con;  Temecula,  CA).  Our  antibody  showed  characteris¬ 
tic  staining  of  the  cleavage  furrow  between  dividing 
HeLa  cells  consistent  with  other  reports  (Li  ct  al.,  1998, 
1999;  Uren  et  al.,  2000).  In  addition,  double  labeling  with 
both  survivin  antibodies  showed  co-localization  at  the 
cleavage  furrow.  The  peptides  used  to  develop  our  sur¬ 
vivin  antibody  arc  specific  to  survivin  and  do  not  recog¬ 
nize  other  lAP  family  proteins  according  to  SDSC  Biol¬ 
ogy  Workbench  BLAST?  (2.2.2)  (Altschul  ct  al.,  1997) 
and  CLUSTAL  W  (1.81)  analysis  (Higgins  et  al.,  1992; 
Thompson  et  al.,  1994),  resulting  in  the  survivin  anti¬ 
body’s  specificity. 

Innminohistochemistiy  ( IHC) 

Animals  were  transcardially  perfused  with  2%  Heparin 
(Elkins-Sinn,  Inc.;  Cherry  Hill,  NJ)  in  0.9%  saline  solu¬ 
tion  (pH  7.4)  followed  by  4%  parafonnaldehyde  in  0.1 
M  phosphate  buffer  (pH  7.4).  The  brains  were  post-fixed 
in  4%  parafonnaldehyde  and  stored  in  0. 1 M  PBS  or  cryo- 
buffer.  Forty  micron  sections  were  fluorescent  immuno- 
labeled  with  two  primary  antibodies  in  the  following 
experiments:  survivin  (l:500)/GFAP  for  astrocytes 
(Stemberger;  Lutherville,  MD;  1:1000),  survivin/NcuN 
for  mature  neurons  (Chemicon;  Temecula,  CA;  1:1000). 
survivin/PCNA  (Santa  Cruz  Biotech;  Santa  Cruz,  CA; 
1 :200),  PCNA/GFAP  and  PCNA/NeuN.  The  nuclear  dye 
DAPI  (in  Vectashicld;  H-1200;  Vector  Laboratories; 
Burlingame,  CA)  was  used  to  label  the  nuclei.  The  first 
primary  antibody  was  incubated  at  4°C  for  24  48  h  in  a 
2%  goat  serum/2%  horse  serum/0.2%  Triton-X  100  in 
0.1  M  PBS  (block)  solution  followed  by  the  second  pri¬ 
mary  antibody  at  4°C  for  I  h  in  block  solution.  Fluores¬ 
cent-tagged  secondary  antibody  (Molecular  Probes;  Eu¬ 
gene,  OR)  was  used  for  vi.sualization.  For  double-labeling 
using  same  species  antibodies,  we  used  the  tyramidc  sig¬ 
nal  amplification  (TSA)  kit  (PerkinElmer  Life  Sciences, 
Boston,  MA)  according  to  the  manufacturer’s  instruc¬ 
tions  and  as  previously  de.scribed  (Stone  et  al.,  2002).  The 


sections  were  viewed  and  digitally  captured  with  a  Zeiss 
Axioplan  2  microscope  (Zeiss,  Thomwood,  NY)  AU1 
equipped  with  a  SPOT  Real  Time  Slider  high-resolution 
color  CCD  digital  camera  (Diagnostic  Instruments,  Inc., 

Sterling  Heights,  MI).  The  number  of  animals  used  for 
dual-labeling  IHC  is  as  follows:  survivin  X  PCNA  =  4, 
survivin  X  GFAP  =  6,  survivin  X  NcuN  =  4,  PCNA  X 
GFAP  =  4,  and  PCNA  X  NeuN  =  4.  Cell  counts  were 
obtained  by  comparing  the  number  of  double-labeled 
cells  to  total  single-labeled  cells  in  the  following  groups: 
survivin/NeuN  positive  cells  to  total  NeuN  positive  cells, 
survivin/PCNA  positive  cells  to  total  PCNA  positive 
cells,  PCNA/NeuN  positive  cells  to  total  NcuN  positive 
cells,  and  survivin/GFAP  positive  cells  to  total  GFAP 
positive  cells.  Percentages  were  calculated  by  dividing 
the  number  of  double-labeled  cells  with  the  total  number 
of  single-labeled  cells.  For  each  group,  representative 
photomicrographs  were  selected  and  counted.  Cells  were 
counted  in  a  total  area  of  at  least  1 88,000  /xm^  for  each 
group,  with  no  distinction  made  between  cortical  and  hip¬ 
pocampal  regions. 


RESULTS 

Induction  of  Survivin  Expression  after  TBI 

Q-PCR  analysis  revealed  an  initial  increase  in  survivin 
inRNA  at  2  days  post  injury  in  the  ipsilateral  cortex  and 
hippocampus.  These  transcripts  remained  elevated  in 
both  regions,  reached  maximum  levels  at  day  5  post-in¬ 
jury  and  declined  at  7  days  in  the  cortex  and  at  14  days 
in  the  hippocampus.  All  experimental  animals  remained 
alive  and  exhibited  slightly  impaired  motor  and  cogni¬ 
tive  impaimients  (data  not  shown).  Cortical  mRNA  lev¬ 
els  reached  a  maximum  of  448  ±  10.0%,  whereas  hip¬ 
pocampal  inRNAs  attained  606  ±  10.0%  compared  to 
craniotomy  control  values  (Fig.  1).  To  determine  if  the  F1 
induction  of  survivin  mRNA  resulted  in  corresponding 
increases  in  survivin  protein,  western  blot  analysis  was 
performed.  Survivin  (17-kDa  protein)  was  readily  de¬ 
tectable  in  the  ipsilateral  cortex  and  hippocampus  of  TBI 
rats,  while  it  was  negligible  in  contralateral  cortex  and 
hippocampus  (Fig.  2A).  Survivin  was  expressed  in  a  F2 
time-dependent  manner  with  a  maximum  increase  at  5 
days  after  injury  followed  by  a  gradual  decline  by  14 
days.  Specifically,  the  levels  of  survivin  in  cortical  tis¬ 
sue  were  616  ±  257%  at  3  days  and  839  ±  339%  at  5 
days  compared  to  craniotomy  controls  (Fig.  2B).  Similar 
increases  of  survivin  protein  in  the  ipsilateral  hippocam¬ 
pus  were  detected  at  3  d  and  5  days  post  injury:  464  ± 

196%  and  545  ±  1 02%  compared  to  craniotomy  control, 
re.spcctively  (Fig.  2C). 
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FIG.  5.  Co-localization  of  survivin  and  GFAP  in  brain  tissue  after  TBl.  Fluorescent  immunohistocheniistry  for  survivin  (green) 
and  GFAP  (red)  was  performed  in  the  ipsilatcral  and  contralateral  cortex  (A,B)  and  in  the  CAl  and  dentate  gyrus  regions  of  the 
hippocampus  (G,H)  at  5  day  post-injury.  The  injury  has  completely  destroyed  the  cortex  in  G  leaving  only  the  hippocampus  in 
this  picture.  Survivin  was  expressed  in  the  cytoplasm  (D,J,  green)  of  GFAP-positive  astrocytes  (C,I,  red)  of  the  ipsilatcral  cor¬ 
tex  and  hippocampus  and  was  found  to  co-localize  to  these  cells  as  shown  in  merged  C/D  and  l/J  images  (E,K.  respectively,  yel¬ 
low).  White  arrows  indicate  typical  survivin-positive  astrocytes.  Nuclei  are  shown  using  DAPI  (F.L,  blue).  Original  magnifica¬ 
tion,  X  100,  bar  =  50  /am  (A.B,G,H);  X400,  bar  =  20  /am  (C-F  and  I-L). 


Hippocampus 


Cortex 


FIG.  6.  Co-localization  of  PCNA  and  GFAP  in  brain  tissue  after  TBl.  Double  immunostaining  for  PCNA  (green)  and  GFAP 
(red)  was  pcrfomicd  in  the  ipsilatcral  and  contralateral  cortex  (.-\,B)  and  the  CAl  and  dentate  gyrus  regions  of  the  hippocampus 
(G,H)  at  5  day  post-injury.  PCNA  is  present  in  GFAP-positive  cells  of  ipsilatcral  cortex  (C,D)  and,  to  a  lesser  extent  hippocampus 
(l,J).  (E,K)  Merged  C/D  and  I/J,  respectively.  White  arrows  indicate  typical  PCNA-positive  astrocytes.  PCNA  expression  was 
co-incident  with  DAPI  staining  (F,I.,  blue).  Original  magnification,  X  100;  bar  =  50  ^m  (A,B,G,H);  X400,  bar  =  20  /iin  (C-F, 
and  I-L). 
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PCNA  Expression  after  TBI 

For  detection  of  proliferating  cell  nuclear  antigen 
(PCNA),  PVDF  membranes  immunostained  for  survivin 
were  stripped  and  re-probed  using  a  PCNA-spccific  an¬ 
tibody.  PCNA  (36-kDa  protein)  was  significantly  de¬ 
tectable  in  the  ipsilatcral  cortex  and  hippocampus  of  TBI 
rats,  but  only  negligible  amounts  were  observed  in  the 

F3  contralateral  cortex  and  hippocampus  (Fig.  3 A).  The 
temporal  patterns  exhibited  by  PCNA  protein  were  sim¬ 
ilar  to  that  of  survivin  protein.  Namely,  PCNA  expressed 
in  a  time-dependant  fashion  with  a  maximum  increa.se  at 
5  days  after  injury  followed  by  a  gradual  decline  by  14 
days.  The  levels  of  PCNA  in  ipsilatcral  cortical  tissue 
were  raised  over  craniotomy  control  by  919  ±  459%  at 
3  days,  2263  ±  333%  at  5  days,  and  1035  ±  356%  at  7 
days  po.st  injury  (Fig.  3B).  Similar  increases  of  PCNA 
protein  in  ipsilatcral  hippocampus  were  detected  at  5  days 
post  injury  with  a  maximum  of  1 006  ±  229%  compared 
to  craniotomy  controls  (Fig.  3C).  No  significant  increa.se 
was  found  in  the  contralateral  regions  when  compared  to 
craniotomy  controls  (Fig.  3A). 

Co-Expression  of  Swvivin  and  PCNA 
following  TBI 

To  examine  spatial  co-localization  of  survivin  and 
PCNA,  double-label  immunohistochemistry  of  brain  tis¬ 
sue  sections  was  performed  on  day  5  post  injury,  when 
peak  expression  of  these  proteins  was  observed. 

At  this  time  point,  a  remarkable  survivin  and  PCNA 
immunoreactivity  was  found  in  the  ipsilatcral  cortex  (Fig. 

F4  •>4A)  and  ipsilatcral  hippocampus  (Fig.  4B)  consistent  with 
data  obtained  using  Western  blot  analy.ses.  Within  both 
regions,  focal  co-expression  patterns  of  survivin  and 
PCNA  in  single  cells  were  detected,  which  was  demon¬ 
strated  by  both  separate  fluorescent  visualization  of  in¬ 
dividual  proteins  and  by  merging  the  images  of  double- 
stained  slides  (Fig.  4C-E).  However,  the  dual  expression 
of  survivin  and  PCNA  occurred  infrequently  as  survivin 
and  PCNA  immunoreactivity  could  readily  be  found  .sep¬ 
arately  (Fig.  4C-E).  Approximately  12%  of  the  total  num¬ 
ber  of  PCNA-positive  cells  also  labeled  with  survivin.  The 
nuclear  moiphology  of  dual  survivin  and  PCNA-positive 
cells  was  ambiguous  as  indicated  by  DAPI  staining  (Fig. 
4F).  Therefore,  DAPI  staining  was  simply  used  for  cell 
identification  in  all  sub.sequent  experiments. 

Snr\’ivin  and  PCNA  Are  Expressed  in 
Astrocytes  after  TBI 

To  determine  the  cell  types  expressing  survivin  and 
PCNA,  double-label  immunohistochemistry  for  these 
proteins  and  GFAP,  a  marker  of  astrocytes,  was  per¬ 
formed  on  day  5  post  injury. 


In  accordance  with  Western  blot  data,  remarkable  sur- 
vivin-positive  immunoreactivity  was  observed  in  the  ip¬ 
silatcral  cortex  and  hippocampus  proximal  to  the  injury 
cavity  (Fig.  5A,G,  green)  but  not  in  the  contralateral  ar-  F5 
cas  (Fig.  5B,H).  Survivin  was  co-localized  with  GFAP 
in  the  cells  of  injured  cortex  and  hippocampus,  which 
strongly  suggested  primary  accumulation  of  surv'ivin  in 
cells  of  astrocytic  lineage  (Fig.  5C-E,I-L).  Survivin  was 
unifonnly  distributed  in  the  cytoplasm  and  proce.sses  of 
astrocytes  in  both  cortex  and  hippocampus  (Fig.  5D,J). 

DAPI  staining  is  shown  in  Figure  5F,L3.  Approximately 
88%  of  the  total  number  of  GFAP-positive  cells  also  la¬ 
beled  with  survivin. 

PCNA-positive  immunoreactivity  staining  was  ob¬ 
served  in  the  ipsilateral  cortex  (Fig.  6A,  green)  and  hip-  <■'  F6  ' 
pocampus  (Fig.  6G,  green)  of  injured  brain,  while  con¬ 
tralateral  cortex  and  hippocampus  exhibited  negligible 
PCNA  immunoreactivity  (Fig.  6B,H).  PCNA  (Fig.  6C,I) 
was  partially  co-localizcd  with  GFAP  (Fig.  6D,J,  red)  in 
both  regions,  and  was  characteristically  distributed  in  the 
nucleus  of  the  cells  in  both  cortex  and  hippocampus  (Fig. 

6E,K).  DAPI  staining  is  shown  in  Figure  6F,L. 

Taken  together,  double-label  immunohistochemistry 
data  provides  evidence  that  both  survivin  and  PCNA  can 
be  detected  in  GFAP-positive  astrocytes  following  trau¬ 
matic  insult.  Since  survivin  and  PCNA  immunoreactiv¬ 
ity  was  not  exclusively  localized  in  GFAP-positive  cells, 
we  next  addressed  a  question  what  other  cell  type  might 
express  survivin  after  TBI.  We  sugge.sted  that  a  certain 
population  of  mature  neurons  might  express  survivin  in 
response  to  injury. 

Survivin  and  PCNA  Are  Expressed  in  a 
Siib-Set  of  Neurons  after  TBI 

As  can  be  seen  in  Figure  7,  survivin  and  PCNA  were  F7 
each  co-expressed  with  NcuN,  a  marker  of  mature  neu¬ 
rons.  NeuN-positivc  cells  were  found  to  express  survivin 
in  the  ipsilateral  cortex  distal  to  the  injury  cavity  (Fig. 

7A-D)  and  in  the  contralateral  hippocampus  (Fig.  7E-H). 

It  should  be  noted,  however,  that  NeuN-positive  cells  that 
also  expressed  survivin  occurred  infrequently.  For  ex¬ 
ample,  we  estimated  the  number  of  dual  survivin/NcuN 
positive  cells  as  0.1-1. 5%  of  the  total  number  of  NcuN- 
positive  cells  in  these  regions.  Survivin  immunoreactiv¬ 
ity  was  negligible  in  either  hemisphere  of  craniotomy 
control  brains  (Fig.  7Q,R).  No  co-localization  of  survivin 
and  NeuN  was  observed  in  ipsilateral  hippocampus  (data 
not  shown).  As  can  be  seen  in  Figure  7B,F,  survivin  was 
predominantly  localized  to  the  cytoplasm  and  axons  of 
NcuN-positivc  neurons.  DAPI  staining  is  shown  in  Fig¬ 
ure  7D,H. 

PCNA-positive  neurons  were  found  in  the  ipsilateral 
cortex  (Fig.  7I-L)  and  hippocampus  after  TBI  (Fig. 
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FIG.  7.  A  sub-set  of  NeuN-positivc  neurons  express  survivin  and  PCNA  after  TBI.  Double  lluorescent  immunohistochemistry 
for  survivin  (green)  and  NeuN  (red)  in  the  ipsilateral  cortex  (A.B)  and  the  CAl  pyramidal  layer  of  the  contralateral  hippocam¬ 
pus  (E,F)  was  performed.  Survivin  is  expressed  in  the  cytoplasm  and,  to  a  limited  extent,  in  the  processes  of  NeuN-positive  neu¬ 
rons  (merged  images  C/G).  Dual  staining  for  PCNA  (green)  and  NeuN  (red)  is  shown  in  the  ipsilateral  cortex  (I,J)  and  the  CAl 
pyramidal  layer  of  the  ipsilateral  hippocampus  (M.N).  The  nuclei  arc  shown  using  DAPI  staining  (D,H.  blue).  PCNA  is  expressed 
in  the  nucleus  of  NcuN-positive  neurons  (merged  images  K/O).  PCNA  expression  was  co-incident  with  DAPI  staining  in  these 
examples  (l.,P,  blue).  White  arrows  indicate  focal  co-localization  of  survivin/NeuN  and  PCNA/NeuN.  Survivin/NeuN  co-local¬ 
ization  of  survivin  (green)  and  NeuN  (red)  was  seen  only  in  TBI  rats  as  opposed  to  either  hemisphere  of  craniotomy  control 
(Q,R).  Original  magnification.  X40(),  bar  =  20  ixm  (A-P);  original  magnification,  X50,  bar  =  100,000  /zm  (Q.R). 
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7M-P),  whereas  craniotomy  control  tissue  exhibited  only 
trace  amounts  of  PCNA  (data  not  shown).  Similar  to  the 
survivin/NcuN  co-localization  data,  dual  PCNA/NcuN 
immunostaining  was  a  rare  event  accounting  for  approx¬ 
imately  4%  of  the  total  number  of  NeuN  positive  cells. 
PCNA  was  distributed  in  the  nuclei  of  these  neurons  (Fig. 
7K,0)  although  the  nuclear  morphology  of  thc.se  cells 
was  not  clearly  resolved  by  DAPI  staining  (Fig.  7L,P). 


DISCUSSION 

Traumatic  brain  injury  (TBI)  sets  into  motion  various 
biochemical  cascades  that  induce  neural  tissue  injury  and 
cell  death.  Conversely,  several  proteins  expressed  in 
neural  cells  after  TBI  are  directed  to  resist  cell  death  and 
promote  recovery  in  the  injured  CNS  (Ridet  ct  al.,  1997; 
Chen  and  Swanson,  2003).  Sui'vivin  is  a  multi-functional 
protein  that  inhibits  apoptosis  and  is  also  required  for  the 
proper  completion  of  mitosis.  Anti-apoptotic  and  pro-mi¬ 
togenic  roles  for  survivin  have  been  documented  in  pro¬ 
liferating  cells  of  neural  origin  in  vitro,  such  as  in  neu- 
robla.stoma  and  glioma  cells  (LaCa.sse  et  al.,  1 998;  Tamm 
ct  al.,  1998;  Deveraux  and  Reed,  1999;  Conway  ct  al., 
2000;  Shin  et  al.,  2001;  Sasaki  et  al.,  2002).  However, 
no  studies  have  investigated  the  potential  role  of  survivin 
in  the  adult  brain  after  TBI,  when  a  sub-population  of 
CNS  cells  may  initiate  a  cell  cycle-related  process  in  re¬ 
sponse  to  injury. 

In  the  present  paper,  we  demonstrate  the  induction  of 
survivin  expression  in  rat  brain  subjected  to  TBI.  The  ex¬ 
pression  of  survivin  was  time-dependent  and  cell-spe¬ 
cific,  and  was  present  in  astrocytes  and,  to  a  much  lesser 
extent,  in  neurons  in  brain  cortex  and  hippocampus.  In¬ 
duction  of  survivin  in  these  cells  was  accompanied  by 
occasional  expression  of  PCNA,  a  cell  cycle  protein  in¬ 
volved  in  mitotic  Gl/S  progression.  Our  present  data  are 
the  first  to  show  that  survivin  niRNA  and  protein  are  sig¬ 
nificantly  up-regulated  after  traumatic  brain  injury  in  rats. 
PCNA  expression  after  TBI  has  been  described  previously 
(Miyake  et  al.,  1992;  Chen  et  al.,  2003),  suggesting  its 
role  in  mechani.sms  of  brain  recovery  after  injuiy.  The 
concurrent  up-regulation  of  survivin  with  a  similar  tem¬ 
poral  profile  as  PCNA  shown  herein  further  suggests  that 
survivin  may  play  a  role  in  cellular  proliferation  after  TBI. 

Brain  injury  evoked  the  expression  of  survivin  and 
PCNA  in  a  time-dependent  manner  (Figs.  2  and  3).  West¬ 
ern  blot  analysis  revealed  maximal  co-expression  of  both 
survivin  and  PCNA  at  five  days  post  injury.  Immuno- 
histochemistry  at  this  time  point,  demonstrated  co-local¬ 
ization  of  these  proteins  (Fig.  4),  although  most  cells  were 
labeled  separately  with  PCNA  and  survivin.  In  fact,  only 
12%  of  the  total  number  of  PCNA-positivc  cells  were 


also  survivin  positive.  It  has  been  reported  that  PCNA  is 
expressed  predominantly  in  Gl/S  (Bravo  et  al.,  1987), 
while  survivin  is  found  at  the  G2/M  phase  of  the  cell  cy¬ 
cle  (Bravo  et  al.,  1987;  Otaki  et  al.,  2000).  Hence,  a  lack 
of  strict  co-localization  of  survivin  and  PCNA  in  our 
study  may  be  explained  by  their  expression  at  different 
points  in  the  cell  cycle. 

In  our  experimental  model,  we  observed  survivin-  as 
well  as  PCNA-positivc  astrocytes  in  the  proximal  area  of 
the  injury  and  in  the  ipsilateral  hippocampus.  Prolifera¬ 
tion  of  astrocytes  is  well  documented  after  TBI  as  shown 
by  cell  labeling  with  BrdU  as  well  as  expression  of  PCNA 
(Latov  et  al.,  1979;  Dunn-Meynell  and  Levin,  1997;  Car- 
bonell  and  Grady,  1999;  Norton,  1 999;  Csukactal.,  2000; 
Kemie  et  al.,  2001;  Chen  et  al.,  2003).  Because  survivin 
and  PCNA  were  expressed  in  astrocytes  following  TBI 
(Figs.  5  and  6),  it  is  possible  that  survivin  plays  an  im¬ 
portant  role  linking  astrocyte  survival  and  proliferation 
after  traumatic  insult.  Astrocyte  proliferation  has  been 
implicated  in  the  fonnation  of  the  glial  scar  observed  af¬ 
ter  injury  (Latov  et  al.,  1979)  and  creates  a  non-permis- 
sive  environment  for  repair  (Sykova  et  al.,  1999).  How¬ 
ever,  glial  proliferation  may  also  enhance  neuronal 
survival  (Smith  et  al.,  2001;  Wei  et  al.,  2001). 

Of  particular  interest  is  a  sub-set  of  NeuN-positive  neu¬ 
rons  found  to  express  survivin  only  after  TBI  (Fig.  7). 
These  cells  were  much  less  abundant  than  survivin-pos- 
itive  astrocytes,  and  their  functional  significance  is  cur¬ 
rently  unknown.  However,  both  neurons  and  astrocytes 
have  been  documented  previously  to  express  cell  cycle 
proteins  after  various  insults  such  as  exposure  to  /3-amy- 
loid-activated  microglia  (Wu  et  al.,  2000),  TBI  (Kaya  et 
al.,  1999a,b).  chlorine  toxicity  (Magavi  et  al.,  2000),  or 
as  a  consequence  of  Alzheimer’s  disease  (Yang  et  al., 
2001).  These  papers  underscore  the  significant  contro¬ 
versy  that  exists  regarding  the  function  of  cell  cycle  pro¬ 
teins  such  as  PCNA  in  neurons  after  different  types  of 
injury.  We  arc  currently  conducting  further  studies  which 
will  elucidate  the  roles  for  PCNA  and  survivin  in  neu¬ 
rons  after  TBI. 

It  should  be  noted  that  dual  staining  of  .survivin  and 
PCNA  could  not  be  directly  attributed  to  a  specific  cell 
type  due  to  the  technical  difficulties  of  triple  labeling  an¬ 
tibody-based  IHC.  Therefore,  we  cannot  rule  out  the  pos¬ 
sibility  that  other  cell  types,  such  as  endothelial  (Conway 
ct  al.,  2003)  or  inflammatory  cells  (Hill-Fclberg  ct  al., 
1999),  may  also  contribute  to  survivin  and  PCNA  ex¬ 
pression  after  TBI.  The  appearance  of  survivin  and  PCNA 
separately  in  neurons  (NeuN-positive)  and  astrocytes 
(GFAP-positive)  along  with  co-localization  of  survivin 
with  PCNA  in  the  same  cells  provide  correlative  data  to 
suggest  an  activation  of  cell  cycle-like  program  in  astro¬ 
cytes  and  possibly  in  a  small  subtype  of  neurons  after 
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TBI.  In  our  experiments,  survivin  eo-localization  with 
PCNA  does  suggest  that  survivin  may  be  associated  with 
a  pro-mitotic  process.  In  an  attempt  to  clarify  these  pro¬ 
tein's  roles  after  TBi,  we  analyzed  the  nuclear  morphol¬ 
ogy  of  survivin-positive  cells  to  define  the  apoptotic  or 
mitotic  architecture  of  nuclei.  DAPl  staining  proved  too 
ambiguous  in  identifying  apoptotic  versus  mitotic  phe¬ 
notypes  likely  due  to  the  thickness  of  the  brain  sections 
(40  fim).  Further  studies  using  direct  markers  of  mitosis 
such  as  BrdU  incorporation  as  well  as  simultaneous  la¬ 
beling  with  cell  death  related  proteins  is  required  to  de¬ 
lineate  anti-apoptotic  and  pro-mitotic  activities  of  sur¬ 
vivin  and  PCNA  in  these  cells. 

In  conclusion,  our  data  demonstrate  the  induction  of 
survivin  in  the  rat  brain  following  TBI.  Expression  of  sur¬ 
vivin  occurred  predominantly  in  astrocytes  as  compared 
to  neurons  in  a  time-dependant  fashion  and  was  accom¬ 
panied  by  expression  of  PCNA.  Taken  together,  these  re¬ 
sults  suggest  that  survivin  plays  a  role  in  neural  cell  re¬ 
sponses  following  traumatic  brain  injury  in  rats.  Future 
studies  will  investigate  the  implications  of  these  findings 
to  the  pathophysiology  of  TBI. 
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Abstract  Survivin  attenuates  apoptosis  by  inhibiting 
cleavage  of  some  cell  proteins  by  activated  caspase-3. 
We  recently  discovered  strong  up-regulation  of  survivin. 
primarily  in  astrocytes  and  a  sub-set  of  neurons,  after 
traumatic  brain  injury  (TBI)  in  rats.  In  this  study  we 
characterized  co-expression  of  survivin  with  activated 
caspase-3  and  downstream  DNA  fragmentation  (TUN- 
EL)  in  astrocytes  and  neurons  after  TBI.  Western  blot 
analysis  revealed  significant  time-dependent  increases  in 
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active  caspase-3  between  5  and  14  days  post-injury.  No 
difference  was  observed  between  the  proportion  of  sur- 
vivin-positive  and  survivin-negative  cells  labeled  with 
active  caspase-3  at  5  or  7  days  post-injury,  as  indicated 
by  dual  fluoreseent  immunostaining.  Labeling  of  survi¬ 
vin-negative  cells  with  TUNEL  was,  however,  signifi¬ 
cantly  greater  than  for  survivin-positive  cells,  suggesting 
that  expression  of  survivin  may  attenuate  DNA  cleavage 
and  progression  of  apoptosis.  A  higher  proportion  of 
astrocytes  than  neurons  accumulated  active  caspase-3. 
In  contrast,  co-localization  with  TUNEL  was  signifi¬ 
cantly  higher  for  neurons  than  for  astrocytes.  These  data 
suggest  that  survivin  expression  may  attenuate  DNA 
cleavage  and  cell  death,  and  that  this  mechanism  oper¬ 
ates  in  a  cell  type-specific  manner  after  TBI. 

Keywords  Astroeyte  •  Neuron  •  Caspase-3  ■  Survivin  • 
Traumatic  brain  injury  •  Inhibitor  of  apoptosis  protein 

Abbreviations  lAP:  Inhibitor  of  apoptosis  protein  • 

IHC:  Immunohistochemistry  •  TBI:  Traumatic  brain 
injury 


Introduction 

Traumatic  insult  to  the  brain  results  in  neural  tissue 
injury  through  cell-death  processes,  including  apoptosis. 
Apoptosis  in  damaged  neural  tissues  is  executed  mainly 
by  caspase-3  (Juan  et  al.  1997),  activation  of  which  re¬ 
sults  in  the  proteolytic  cleavage  of  many  intracellular 
.substrates,  such  as  alpha-II-spectrin,  DFF45,  PARP  and 
Bcl-2  (Eldadah  and  Faden  2000).  Most  importantly, 
cleavage  of  deoxyribonuclease  inhibitors  promotes 
DNA  fragmentation  (Enari  et  al.  1998;  Liu  et  al.  1998). 
In  contrast,  cleavage  of  vital  cellular  proteins  by  acti¬ 
vated  caspases  and  the  progression  of  apoptosis  is 
attenuated  by  lAPs  (Deveraux  et  al.  1997;  Roy  et  al. 
1997;  Takahashi  et  al.  1998;  Maier  el  al.  2002)  including 
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survivin  (Ambrosini  ct  al.  1998;  Tamm  et  al.  1998; 
Shankar  et  al.  2001;  Shin  et  al.  2001). 

Although  survivin  does  not  prevent  the  activation  of 
caspases  from  their  inactive  proforms,  evidence  shows 
that  survivin  can  bind  and  inhibit  the  activity  of  caspase- 
3,  caspase-7,  and  caspase-9  (Tamm  et  al.  1998;  Kobay- 
ashi  et  al.  1999;  O’Connor  et  al.  2000;  Shin  ct  al.  2001). 
Previous  work  in  our  laboratory  has  revealed  significant 
up-regulation  of  survivin  mRNA  and  protein  primarily 
in  astrocytes  and  a  sub-set  of  neurons  after  TBI 
(Johnson  et  al.  2004).  Relationships  between  survivin, 
apoptosis  specifically  the  accumulation  of  active  cas- 
pase-3  and  downstream  DNA  fragmentation  (TUN- 
EL)  after  TBI  have  not  been  investigated,  however. 

In  this  work  we  have  demonstrated  that  activation  of 
caspasc-3  in  injured  rat  brain  occurs  in  a  similar  time- 
dependent  fashion  to  survivin  expression.  Although  no 
dilTerence  was  observed  in  active  caspase-3  expression  in 
survivin-positive  cells  compared  with  survivin-negative 
cells,  significantly  lower  TUNEL  labeling  was  found 
in  cells  that  expressed  survivin.  The  proportion  of  astro¬ 
cytes  labeled  with  TUNEL  was,  moreover,  significantly 
lower  compared  with  neurons.  These  data,  with  our 
previous  findings,  suggest  that  survivin  expression  may 
attenuate  DNA  cleavage,  in  a  cell-specific  manner,  after 
TBI. 


Materials  and  methods 

Induction  of  controlled  cortical  impact  brain  injury 

Surgical  and  cortical  impact  injury  procedures  were 
conducted  as  previously  described  (Dixon  et  al.  1991; 
Pike  et  al.  1998).  Briefly,  adult  male  Sprague-Dawley 
rats  (250-300  g)  were  anesthetized  with  4%  isoflurane 
(Halocarbon  Laboratories;  River  Edge,  NJ,  USA)  in  1:1 
O2/N2O  for  4  min  and  maintained  during  surgery  with 
2.5%  isoflurane.  Core  body  temperature  was  continu¬ 
ously  monitored,  by  use  of  a  rectal  thermistor  probe, 
and  maintained  at  36.5-37.5°C  using  an  adjustable 
heating  pad.  A  unilateral  craniotomy  (ipsilateral  to  in¬ 
jury)  was  performed  over  the  right  cortex  between  the 
sagittal  suture,  bregma  and  lambda,  leaving  the  dura 
intact.  Traumatic  insult  was  generated  by  impacting  the 
exposed  cortex  with  a  5  mm  diameter  aluminium  tip  at  a 
velocity  of  4  m  s~‘,  a  150  ms  dwell  time  and  1.6  mm 
compression.  Craniotomy  control  animals  received  the 
craniotomy  but  not  the  impact  injury.  All  procedures 
were  performed  according  to  guidelines  established  by 
the  University  of  Florida  Institutional  Animal  Care  and 
Use  Committee  (lACUC)  and  the  National  Institutes  of 
Health  (NIH). 


Western  blot  analyses 

Ipsilateral  and  contralateral  neocortex  (-500  mm^  cen¬ 
tered  on  the  craniotomy  and  excised  to  the  corpus 


callosum)  and  the  hippocampus  were  removed,  rinsed 
with  cold  PBS,  snap  frozen  in  liquid  nitrogen,  and 
homogenized  in  ice-cold  triple  detergent  lysis  buffer 
containing  a  Complete  protease  inhibitor  cocktail 
(Roche  Biochemicals;  Indianapolis,  IN,  USA).  Protein 
concentration  was  determined  by  bicinchoninic  acid 
(BCA)  micro  protein  assays  (Pierce  Inc.,  Rockford,  IL, 
USA).  Forty  micrograms  of  protein  per  well  was  loaded 
and  separated  by  SDS-PAGE,  transferred  to  PVDF 
membranes  and  probed  with  a  goat-anti-rabbit  antibody 
that  recognized  only  active  caspase-3  (Cell  Signaling 
Technology;  Beverly,  MA,  USA;  9661L;  1:1000).  After 
incubation  with  goat  anti-rabbit  HRP-labcled  secondary 
antibody  (Biorad;  Hercules,  CA,  USA),  the  membranes 
were  developed  using  Enhanced  Chemiluminescence 
Plus  reagents  (ECL  Plus,  Amersham;  Arlington  Heights, 
IL,  USA).  Semi-quantitative,  densitometric  analysis  was 
performed  using  the  Alphalmager  2000  Digital  Imaging 
System  (San  Leandro,  CA,  USA).  For  both  craniotomy 
controls  and  experimental  groups  n  =  6.  Transformed 
data  (experimental  densitometry  value/craniotomy  con¬ 
trol  densitometry  valuexlOO)  were  evaluated  by  ANO- 
VA  and  a  post-hoc  Dunnet  test.  Craniotomy  control 
tissues  from  the  ipsilateral  hemisphere  were  used  for 
statistical  comparison,  because  of  the  small  but  detect¬ 
able  proteolytic  activity  present  in  the  contralateral 
hemisphere  after  TBI.  Values  are  expressed  as  percent¬ 
age  of  craniotomy  controls  and  are  given  as  mean±- 
SEM.  Differences  were  considered  significant  at  the  level 
of  P  <  0.05. 


Immunohistochemistry  (IHC) 

Animals  were  sacrificed  5  or  7  days  post-injury  after 
being  anesthetized  with  4%  isoflurane  (Halocarbon 
Laboratories;  River  Edge,  NJ,  USA)  in  1:1  O2/N2O  for 
4  min.  The  brains  were  blocked  in  OCT  (Ted  Pella; 
Redding,  CA,  USA),  snap  frozen  in  liquid  nitrogen,  and 
cut  on  a  Leica  CM  3050  cryostat.  Five-micron  sections 
were  attached  to  Fropen  (Ted  Pella  )-trea ted  coverslips, 
fixed  in  cold  methanol  for  20  min  at  -20°C,  and  fluo¬ 
rescent  immunolabeled  with  two  primary  antibodies  in 
subsequent  experiments — active  caspase-3  (1:100)/ 
GFAP  for  astrocytes  (Stern berger;  Lutherville,  MD, 
USA;  1:1000),  active  caspase-3 /NeuN  for  mature  neu¬ 
rons  (Chemicon;  Temecula.  CA.  USA;  1:1000)  and  ac¬ 
tive  caspase-3/survivin  (G.  Shaw;  1:250).  The  survivin 
antibody  created  in-house  has  previously  been  charac¬ 
terized  (Johnson  et  al.  2004).  Sections  were  also  labeled 
with  the  Apoptag  Cell  Death  Labeling  kit  (terminal 
deoxynucleotidyl  transferase-mediated  biotinylated 
dUTP  nick-end  labeling  or  TUNEL),  in  accordance  with 
the  manufacturer’s  instructions,  to  mark  double-stran¬ 
ded  DNA  breaks.  This  kit  was  used  in  conjunction  with 
the  antibodies  TUNEL/GFAP,  TUNEL/NeuN.  and 
TUNEL/survivin.  Fluorescent  IHC  labeling  was  con¬ 
ducted  as  described  elsewhere  (Johnson  et  al.  2004). 
Briefly,  the  first  primary  antibody  was  incubated  at  4°C 
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for  24-48  h  in  10%  goat  serum/0.2%  Triton-X  100  in 
0.1  mol  L“'  PBS  (block)  solution,  followed  by  the  sec¬ 
ond  primary  antibody  at  4°C  for  1  h  in  block  solution. 
Fluorescent-tagged  secondary  antibody  (Molecular 
Probes;  Eugene.  OR,  USA)  was  used  for  visualization. 
For  double-labeling  IHC  using  same-species  antibodies 
we  used  a  biotin/streptavidin  antibody  procedure  that 
relied  on  steric  hindrance  to  block  same-species  binding 
sites.  Control  sections  showed  the  secondary/tertiary 
complex  was  sufficient  for  steric  blockage  (data  not 
shown).  After  an  endogenous  biotin  blocking  step 
(Vector  Laboratories;  Burlingame,  CA,  USA),  the  first 
primary  antibody  was  incubated  as  described  above, 
followed  sequentially  by  a  biotin-conjugated  secondary 
antibody  and  fluorescent-labeled  streptavidin  (Molecu¬ 
lar  Probes),  both  steps  at  room  temperature  for  1  h  in 
block  solution.  The  second  antigen  was  then  labeled  as 
described  above.  Sections  were  viewed  and  digitally 
captured  with  a  Zeiss  Axioplan  Two  microscope 
equipped  with  a  SPOT  Real  Time  Slider  high-resolution 
color  CCD  digital  camera  (Diagnostic  Instruments; 
Sterling  Heights,  MI,  USA).  A  Bio-Rad  1024  ES  con- 
focal  microscope  was  used  to  confirm  single-cell  locali¬ 
zation  of  the  label  pairings.  The  settings  for  these  images 
were:  power=100%  for  the  red  field:  iris  =  2.7— 5.2. 
gain  =1400,  Blev  =  — 3;  for  the  green  field;  iris  = 


3.0-5.7,  gain=  1400,  Blev  =  -3.  The  number  of  animals 
used  for  each  label  pairing  for  dual-labeling  IHC  was 
four  (n  =  4). 


IHC  quantification 

Cell  quantification  was  performed  by  comparing  the 
number  of  double-labeled  cells  with  the  total  number  of 
single-labeled  cells  in  six  groups:  active  caspase-3/NeuN- 
positive  cells  to  total  NeuN-positive  cells,  active  caspase- 
3/survivin-positive  cells  to  total  survivin-positivc  cells, 
active  caspase-3/GFAP-positive  cells  to  total  GFAP- 
positive  cells,  TUNEL/NeuN-positive  cells  to  total 
NeuN-positive  cells,  TUNEL/survivin-positive  cells  to 
total  survivin-positive  cells,  and  TUNEL/GFAP-posi- 
tive  cells  to  total  GFAP-positive  cells.  Percentages  were 
calculated  by  dividing  the  number  of  double-labeled 
cells  by  the  total  number  of  single-labeled  cells.  For  each 
label  pairing,  representative  photomicrographs  were  se¬ 
lected  and  counted.  Cells  were  counted  in  a  total  area  of 
188,000  pm^  for  each  label  pairing  in  both  cortical  and 
hippocampal  regions.  These  numbers  were  then  trans¬ 
formed  into  percentages  of  either  total  cells  or  total  cell 
type.  Individual  comparisons  between  groups  were  made 
using  an  unpaired  Student  /-test.  Results  were 
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Fig.  1  Caspase-3  activation  in  rat  brain  after  TBI.  Rats  were 
subjected  to  craniotomy  then  controlled  cortical  impact  brain 
injury.  Brain  tissue  homogenate  proteins  (40  pg)  were  separated 
using  SDS  PAGE,  immunoblotted  with  an  antibody  specific  for 
active  caspase-3,  and  visualized  as  described  in  detail  under 
“Materials  and  methods”.  Representative  western  blots  of  active 
caspase-3  (19  kDa)  in  ipsilateral  cortex  and  hippocampus  obtained 
from  injured  rats  and  from  craniotomy  control  rats  without 
cortical  impact  {craniotomy  control)  revealed  accumulation  of 


active  caspase-3  after  TBI  (A).  Densitometric  analysis  of  the  active 
caspase-3  bands  in  ipsilateral  cortex  and  hippocampus  after  TBI 
shows  significant  increases  in  a  time-dependent  manner  (B).  Data 
are  given  as  percentage  of  the  active  fragment  of  caspase-3  relative 
to  craniotomy  controls:  each  craniotomy  control  and  TB!  time 
point  represents  data  from  an  n  =  6  individual  animals  and  is 
reported  as  meaniSEM.  *P<0.05;  **P<0.01  versus  craniotomy 
control  (one-way  ANOVA  test  with  post  hoc  Dunnet  analysis) 
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considered  significant  at  P<0.05.  Two  additional  blin¬ 
ded  observers  were  used  to  count  representative  samples. 
Inter-rater  reliability  was  calculated  using  Ebel’s  (1951) 
inter-rater  reliability  formula.  The  intra-class  correlation 
(ICC)  value  achieved  was  0.97,  indicating  little  variation 
between  raters. 


Results 

Caspase-3  is  activated  in  the  same  brain  regions 
as  survivin  after  TBl 

To  determine  the  temporal  and  regional  profile  of 
caspase-3  activation.  Western  blot  analysis  was 


performed  on  cortical  and  hippocampal  TBI  samples. 
Active  caspase-3  (19  kDa  protein)  was  readily  detect¬ 
able  in  the  ipsilateral  cortex  and  hippocampus  of  rats 
subjected  to  TBI  (Fig.  lA).  Caspase-3  activation  oc¬ 
curred  in  a  time-dependant  manner  in  the  ipsilateral 
cortex  and  hippocampus  with  prominent  activation 
occurring  between  5  and  14  days  post-injury,  with 
peak  accumulation  occurring  at  7  days  post-injury.  In 
the  ipsilateral  cortex,  significant  increases  in  active 
caspase-3  levels  reached  3468  ±  1088%  at  5  days, 
4019  ±1291%  at  7  days  and  2984  ±1058%  at  14  days 
post-injury,  compared  with  craniotomy  controls.  Sim¬ 
ilar  increases  in  caspase-3  activation  were  detected  in 
the  ipsilateral  hippocampus  with  increases  of 
671  ±257%  at  5  days,  2662  ±738%  at  7  days  and 


Fig,  2  Co-expression  of 
survivin  and  apoptosis  markers 
in  rat  brain  after  TBI. 
Substantial  cavitation  is 
produced  5  days  post-TBl  with 
this  model  (A).  Extensive 
damage  occurs  in  both  cortical 
and  hippocampal  areas  as 
indicated  by  increased  GFAP- 
positive  astrocytosis  {red.  B). 
Double-fluorescent 
immunostaining  for  survivin 
{red)  and  active  caspase-3 
{green.  C-  J)  or  TUNEL  {green. 
K-R)  was  performed  in  the 
ipsilateral  cortex  (C,  K)  and 
hippocampus  (D,  L)  at  5  days 
post-injury  as  described  in 
detail  under  “Materials  and 
methods”.  Insets  in  C,  D,  K  and 
L  show  reduced  labeling  of 
survivin.  active  caspa.se-3,  and 
TUNEL  in  craniotomy  control 
tissue.  Survivin  is  expressed  in 
both  the  cytoplasm  and  in  the 
nucleus  {red.  E.  H,  M,  and  P), 
whereas  active  caspase-3  {green. 
K,  I)  and  TUNEL  {green.  N,  Q) 
labeling  is  found  predominantly 
in  the  nucleus.  The  white  arrow 
indicates  the  typical  focal  co¬ 
localization  of  survivin  and 
active  caspase-3  (G,  J)  and 
survivin  and  TUNEL  (O,  R),  as 
shown  in  the  merged  images. 
Immunostaining  of  naive  tissue 
{negative  control)  did  not  reveal 
strong  immunoreactivity  for 
survivin  (S),  active  caspase-3 
(T)  or  TUNEL  (U). 
Photomicrographs  in  B-G.  K- 
O  and  S  U  were  acquired  using 
conventional  fluorescent 
microscopy  whereas 
photomicrographs  in  H  J  and 
P-R  were  acquired  using 
confocal  microscopy. 
Magnification:  200  times,  scale 
bar  50  pm  (C.  D.  K,  L.  and  S- 
U);  200  times,  scale  bar  10  pm 
(E  J,  M  R) 
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Survivin  Active  TUNEL 

Caspase-3 


Survivin/  TUNEL 
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1487  ±405%  at  14  days  post-injury,  compared  with 
craniotomy  controls  (Fig.  IB). 


Survivin  expression  correlates  with  decreased  TUNEL 
labeling  but  not  active  caspase-3  expression 

The  IHC  was  performed  on  brain  sections  five  days 
post-injury  to  investigate  the  expression  of  active  cas¬ 
pase-3  and  TUNEL  labeling  at  peak  survivin  expression 
(Johnson  et  al.  2004).  A  large  cavity,  involving  the  cor¬ 
tex  and  encroaching  on  the  hippocampus,  develops 
5  days  post-injury  (Fig.  2A).  Strong  GFAP-immunore- 
activity  (red),  indicative  of  astrocytosis,  is  seen  around 
the  leading  edge  of  the  cavity  and  projecting  into  deeper 
cortical  and  hippocampal  structures  (Fig.  2B).  The  IHC 
revealed  moderate  co-localization  of  survivin  with  active 
caspase-3  and  TUNEL  in  the  ipsilateral  cortex  (Figs.  2C 
and  2K)  and  ipsilateral  hippocampus  (Figs.  2D  and  2L) 
of  injured  animals.  These  data  are  summarized  in  Table 
1.  Survivin  was  found  primarily  in  the  cytoplasm,  and  to 
a  lesser  extent  in  the  nucleus  of  the  ipsilateral  cortex 
(Figs.  2E  and  2M).  A  similar  pattern  was  seen  in  the 
ipsilateral  hippocampus  (data  not  shown).  Active  cas¬ 
pase-3  (Fig.  2F)  and  TUNEL  (Fig.  2N)  labeling  were 
both  found  in  the  nucleus  in  both  regions.  Survivin  co¬ 
localization  with  active  caspase-3  and  TUNEL  is  shown 
at  high  magnification  in  Figs.  2G  and  20.  respectively. 
Confocal  microscopy  was  used  to  ensure  single-cell  co¬ 
localization  of  survivin.  active  caspase-3,  and  TUNEL 
(Figa.  2H-2J  and  2P-2R).  These  labeling  patterns  were 
specific  to  the  injury  condition  and  were  not  observed  in 
naive  (negative  control)  tissues  (Fig.  2S-2U). 

Quantitative  analysis  revealed  no  significant  differ¬ 
ence  between  accumulation  of  active  caspase-3  by  sur- 
vivin-positive  cells  and  survivin-negative  cells  at  5  days 
post-injury  in  either  the  cortex  or  hippocampus  (Fig.  3). 
A  significantly  higher  proportion  of  TUNEL  labeling 
was,  however,  observed  in  survivin-negative  cells  com¬ 
pared  with  survivin-positive  cells  in  both  regions 
(P<0.01)  (Fig.  3,  Table  la).  At  7  days  post-injury,  there 
was  no  significant  difference  between  accumulation  of 
active  caspase-3  and  TUNEL  labeling  by  survivin-posi¬ 
tive  and  survivin-negative  cells  in  either  the  cortex  or 
hippocampus  (Table  lb). 

To  verify  that  caspase-3  activation  does  not  neces¬ 
sarily  result  in  irreversible  cell  death,  probably  because 
of  survivin  inhibition,  quantification  data  were  gathered 
for  cells  that  accumulate  active  caspase-3  and  are 
TUNEL  label-positive  and  compared  with  data  for  ac¬ 
tive  caspase-3-positive  cells  that  were  not  labeled  with 
TUNEL.  Indeed,  we  found  that  the  number  of  dual- 
labeled  active  caspase-3  and  TUNEL  cells  was  not  sta¬ 
tistically  different  from  the  number  of  those  cells  labeled 
with  active  caspase-3  only  (Fig.  3).  This  finding  further 
supports  the  notion  that  several  counteractive  factors, 
including  survivin,  may  inhibit  active  caspase-3  and  re¬ 
duce  cell  death  after  TBI. 


TUNEL  TUNEL 


■  Active  Caspase-3  Positive 

□  TUNEL  Positive 

□  TUNEL  Negative 

Fig.  3  Survivin  expression  decreases  the  accumulation  of  TUNEL 
but  not  active  caspase-3.  Cells  were  quantified  and  visualized  as 
described  in  detail  under  “Materials  and  methods”.  The  proportion 
of  ceils  expressing  active  caspase-3  and  labeling  with  TUNEL  was 
compared  in  two  cell  populations,  survivin-positive  and  survivin- 
negative,  in  the  ipsilateral  cortex  (A)  and  hippocampus  (B).  No 
differences  were  found  between  the  proportions  of  survivin-positive 
and  survivin-negative  cells  expressing  active  caspase-3  in  either  the 
cortex  (A,  black  bars)  or  hippocampus  (B.  black  bars).  Significantly 
more  survivin-negative  than  survivin-positive  cells  were  TUNEL- 
positive  in  both  the  cortex  (P<0.01.  A,  while  bars)  and  hippocam¬ 
pus  (/*<  0.001,  B.  white  bars).  No  differences  were  found  between 
the  proportions  of  TUNEL-positive  (C.  while  bars)  and  TUNEL- 
negative  cells  (C.  gray  bars)  that  also  labeled  with  active  caspase-3. 
Each  bar  represents  data  from  an  n  =  4  (A.  cortex)  or  3  (B, 
hippocampus)  individual  animals,  analyzed  using  an  unpaired 
Student  /-test  and  reported  as  mean  ±  SEM 


Astrocytes  and  neurons  demonstrate  cell  specific 
differences  in  active  caspase-3  and  TUNEL  labeling 

To  determine  the  cell  types  that  express  active  caspase-3 
or  positive  TUNEL  labeling  after  TBI,  dual  IHC  was 
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Table  I  Cell  Quantification  Data  for  Immunohistochemistry 
Labeling  Pairs.  This  table  summarizes  the  results  from  all  cell  count 
experiments  investigating  survivin  IHC,  active  caspase-3  IHC,  cell 
type,  and  DNA  fragmentation  marker  (TUNEL).  The  numbers 
given  are  percentages  calculated  as  described  in  the  Materials  and 


methods.  Each  percentage  represents  data  from  an  n  =  4  (cortex)  or 
n  =  3  (hippocampus)  individual  animals,  analyzed  using  an  un¬ 
paired  Student  t  test  and  reported  as  mean  +  SEM  at  either  five 
days  post-injury  (A)  or  seven  days  post-injury  (B) 


Survivin(  -t- ) 

Survivin(— ) 

GFAP(  + ) 

NeuN(± ) 

TUNEL(±) 

TUNEL(-) 

A 

Active  Caspase-3(  -i- ) 

Cortex 

37±2 

26±6 

50  ±7### 

7±1 

51±6 

49±6 

Hippocampus 

21  ±5 

22±3 

29±4 

15±2 

45±11 

55±11 

TUNEL(-i-) 

Cortex 

25  ±2" 

49±5 

11  ±2### 

46±2 

Hippocampus 

30  ±4** 

55±3 

19  ±0.2*^ 

60±3 

B 

Active  Caspase-3(  + ) 

Cortex 

36±2 

39±11 

36  ±3^ 

11±1 

48±4 

52±4 

Hippocampus 

37±2 

22±6 

31  ±3*^ 

15±3 

62  ±5*® 

38±5 

TUNEL(-I-) 

Cortex 

20±5 

25  ±10 

19±  l'^ 

74±5 

Hippocampus 

20±3 

31  ±10 

28  ±7### 

80±2 

*•  p<0.01  versus  survivin-negativc  cells 
**p<0.01  versus  NeuN-positive  cells 
0.001  versus  NeuN-positive  cells 
**p<0.01  versus  TUNEL-negative  cells  (unpaired  Student  t  test) 


performed  with  GFAP,  a  marker  of  astrocytes,  and 
NeuN,  a  marker  of  mature  neurons. 

Co-localization  of  GFAP  was  observed  with  both 
active  caspase-3  and  TUNEL  labeling  in  the  ipsilateral 
cortex  (Figs.  4A  and  41,  respectively)  and  ipsilateral 
hippocampus  (Figs.  4B  and  4J,  respectively).  The  GFAP 
is  expressed  in  the  cytoplasm  (Figs.  4C  and  4K)  whereas 
active  caspase-3  (Fig.  4D)  and  TUNEL  (Fig.  4L)  are 


expressed  in  the  nucleus.  Higher  magnification  photo¬ 
micrographs  of  the  ipsilateral  cortex  show  a  typical 
astrocyte  expressing  active  caspase-3  (Figs.  4C-4E)  or 
labeling  with  TUNEL  (Figs.  4K— IM).  Co-localization 
of  these  antibodies  was  confirmed  by  confocal  micros¬ 
copy  on  similar  astrocytes  (Fig.  4F^H  and  4N-4P). 

Modest  accumulation  of  active  caspase-3  and  sub¬ 
stantial  labeling  with  TUNEL  were  observed  for  NeuN- 


GFAP/  Active  Caspase-3 


GFAP/  TUNEL 


Fig.  4  Astrocytes  express  active  caspase-3  and  label  with  TUNEL 
after  TBl  in  rats.  Double-fluorescent  immunostaining  for  GFAP 
(red)  and  active  caspase-3  (green.  A  H)  or  TUNEL  (green.  I  P) 
was  performed  in  the  ipsilateral  cortex  (A,  I)  and  hippocampus  (B, 
J)  at  5  days  post-injury  as  described  in  detail  under  “Materials  and 
methods”.  The  inseis  in  A.  B,  I  and  J  show  reduced  labeling  of 
active  caspase-3  and  TUNEL  in  craniotomy  control  tissue.  GFAP 
is  expressed  in  the  cytoplasm  (C,  K,  K.  and  N,  red)  whereas  active 


caspase-3  (D,  G,  green)  and  TUNEL  (L,  O,  green)  are  expressed  in 
the  nucleus.  The  white  arrow  indicates  the  typical  focal  co¬ 
expression  of  GFAP  and  active  caspase-3  (E.  H)  and  TUNEL 
(M,  P)  as  shown  in  the  merged  images.  Photomicrographs  in  A-E 
and  I  M  were  acquired  using  conventional  fluorescent  microscopy 
whereas  photomicrographs  in  F-H  and  N  P  were  acquired  using 
confocal  microscopy.  Magnification:  200  times,  scale  bar  50  pm  (A, 
B.  I,  and  J);  200  times,  scale  bar  10  pm  (C  H.and  K-P) 
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NeuN/  Active  Caspase-3  NeuN/  TUNEL 


Fig.  5  Neurons  express  active  caspase-3  and  label  with  TUNEL 
after  TBl  in  rats.  Dual-fluorescent  immunostaining  for  NeuN  {red) 
and  active  caspase-3  {green,  A  H)  or  TUNEL  {green.  I  P)  was 
performed  in  the  ipsilateral  cortex  (A.  1)  and  hippocampus  (B,  J)  at 
5  days  post-injury  as  described  in  detail  under  "Materials  and 
methods”.  The  insets  in  A,  B.  I  and  J  show  reduced  labeling  of 
active  caspase-3  and  TUNEL  in  craniotomy  control  tissue.  The 
NeuN  is  expressed  primarily  in  the  nucleus  but  also  in  the 
cytoplasm  (C.  F,  K.  and  N,  red),  whereas  active  caspase-3 

positive  cells  in  the  ipsilateral  cortex  (Figs.  5A  and  51, 
respectively)  and  ipsilateral  hippocampus  (Figs.  5B  and 
5J).  Specifically,  both  active  caspasc-3  (Fig.  5D)  and 
TUNEL  (Fig.  5L)  were  present  in  neuronal  nuclei 
(Fig.  5C  and  5K),  which  was  indicated  by  co-localiza¬ 
tion  with  NeuN  in  the  ipsilateral  cortex  (Figs.  5E  and 
5M).  Confocal  microscopy  was  used  to  ensure  single  cell 
co-localization  of  NeuN  with  active  caspase-3  and 
TUNEL  (Figs.  5F-5H  and  5N-5P). 

Quantitative  analysis  revealed  a  substantially  differ¬ 
ent  expression  profile  of  active  caspase-3  and  TUNEL  in 
neurons  and  astrocytes.  A  significantly  higher  number  of 
astrocytes  accumulated  active  caspase-3,  compared  with 
neurons  in  the  cortex  (F<  0.001),  but  this  difference  was 
not  statistically  significant  in  the  hippocampus  (Table 
la).  Conversely,  a  .significantly  greater  number  of  neu¬ 
rons  were  labeled  with  TUNEL  compared  with  astro¬ 
cytes  in  both  the  cortex  and  hippocampus  (F<  0.001) 
(Fig.  6,  Table  la).  A  similar  expression  profile  of  active 
caspase-3  and  TUNEL  was  observed  in  astrocytes  and 
neurons  7  days  post-injury  (Table  lb). 


Discussion 

Caspase-3  activation  is  a  prominent  feature  of  apoptosis 
and  its  role  in  DNA  fragmentation  after  TBI  has  been 
well  documented  (Nicholson  et  al.  1995;  Tewari  et  al. 


(D.  G,  green)  and  TUNEL  (L.  O,  green)  are  found  in  the  nucleus. 
The  white  arrow  indicates  the  typical  focal  co-localization  of  NeuN 
and  active  caspase-3  (E.  H)  and  NeuN  and  TUNEL  (M.  P),  as 
shown  in  the  merged  images.  Photomicrographs  in  A-E  and  T  M 
were  acquired  using  conventional  fluorescent  microscopy  whereas 
photomicrographs  in  F  H  and  N-  P  were  acquired  using  confocal 
microscopy.  Magnification:  200  times,  scale  bar  50  pm  (A,  B.  I.  and 
J);  200  times,  scale  bar  10  pm  (C  H.and  K-  P) 


Astrocytes  Neurons  Astrocytes  Neurons 


TUNEL  (+)  TUNEL  (+) 

Fig.  6  TUNEL  labeling  is  cell-specific  after  TBI  in  rats.  Cells  were 
quantified  and  visualized  as  described  in  detail  under  “Materials 
and  methods”.  The  proportion  of  NeuN-positive  (neurons)  and 
GFAP-positive  (astrocytes)  with  TUNEL-positive  labeling  was 
compared  in  the  ipsilateral  cortex  and  hippocampus.  Significantly 
more  TUNEL  labeling  was  seen  in  neurons  {gray  bars)  than  in 
astroeytes  {black  bars)  in  both  the  cortex  (P<0.001)  and 
hippocampus  (/’<0.001).  Each  bar  represents  an  n  4  {cortex)  or 
3  {hippocampus)  individual  animals  reported  as  mean  ±  SEM  and 
analyzed  using  an  unpaired  Student  /-test 
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1995;  Pike  et  al.  1998;  Tang  and  Kidd  1998;  Wolf  et  al. 
1999;  Beer  et  al.  2000;  Buki  et  al.  2000;  Clark  et  al. 
2000).  Survivin  is  an  inhibitor  of  apoptosis  protein 
(lAP),  which  can  inhibit  active  caspase-3  and  thereby 
modulate  cell  death  in  a  variety  of  tissues,  including  the 
CNS  (Shankar  et  al.  2001;  Sasaki  et  al.  2002;  Van  Haren 
et  al.  2004).  No  studies  have  investigated  the  potential 
anti-apoptotic  role  of  survivin  in  the  adult  brain  after 
TBI,  however. 

In  this  paper  we  characterize  the  relationship  between 
survivin  expression  and  two  apoptosis  events— accu¬ 
mulation  of  active  caspase-3  and  downstream  DNA 
fragmentation  (as  shown  by  TUNEL  labeling)  in  rat 
brain  subjected  to  TBI.  Although  use  of  TUNEL 
labeling  alone  cannot  definitively  confirm  apoptosis, 
TUNEL  in  conjunction  with  active  caspase-3  is  regarded 
a  reliable  tool  to  assess  apoptosis  progression  (Lei  et  al. 
2004;  Marciano  et  al.  2004;  Nakase  et  al.  2004).  The 
appearance  of  active  caspase-3  was  time-dependent  and 
region-specific  after  injury  (Fig.  1);  the  pattern  was 
.similar  to  that  of  survivin  expression  after  TBI.  These 
findings  suggest  that  survivin  may  interact  with  active 
caspase-3  after  TBI  and  possibly  reduce  the  deleterious 
consequences  of  caspasc-3-mcdiated  cell  death  (Tamm 
et  al.  1998;  Kobayashi  et  al.  1999;  O’Connor  et  al.  2000; 
Shin  et  al.  2001).  Other  lAPs.  for  example  XI AP  and 
NAIP,  are  up-regulated  in  concert  with  caspasc  activa¬ 
tion  after  brain  injury  (Keane  et  al.  2001).  In  addition, 
survivin  expression  is  up-regulated  by  the  pro-survival 
PI3-kinase/Akt  pathway,  which  is  activated  after  TBI 
(Kitagawa  et  al.  1999;  Xia  et  al.  2002;  Kim  et  al.  2004). 

Survivin-positive  cells  expressed  active  caspase-3  and 
were  labeled  with  TUNEL  (Fig.  2),  although  there  was 
no  significant  difference  between  accumulation  of  active 
caspase-3  in  survivin-positive  and  survivin-negative  cells 
(Fig.  3).  These  data  are  in  accordance  with  the  ability  of 
survivin  (Tamm  et  al.  1998)  and  other  lAPs  (Shankar 
et  al.  2001;  Maier  et  al.  2002)  to  inhibit  the  activity,  but 
not  the  activation,  of  caspase-3.  In  contrast,  fewer  sur- 
vivin-positivc  cells  than  survivin-negative  cells  exhibited 
DNA  fragmentation  (TUNEL  labeling)  5  days  post-in- 
jury  (Fig.  3).  These  data  suggest  that  survivin  expression 
may  attenuate  the  apoptotic  cascade  by  inhibiting 
cleavage  of  caspase-3-speeific  substrates  that  result  in 
DNA  fragmentation.  Furthermore,  the  finding  that  ac¬ 
tive  caspase-3  accumulation  led  to  positive  TUNEL 
labeling  in  51%  of  all  active  caspase-3-positive  cells 
(Fig.  3)  is  consistent  with  the  observation  that  endoge¬ 
nous  factors,  including  survivin,  may  inhibit  active  cas¬ 
pase-3  and  attenuate  DNA  fragmentation  after  TBI.  In 
cancer  cells,  for  example,  survivin  and  other  endogenous 
factors  play  important  roles  in  tumor  survival  (Lu  et  al. 
1998;  Altieri  et  al.  1999;  Grossman  et  al.  1999;  Jiang  et  al. 
2001;  Chiou  et  al.  2003).  In  addition,  survivin  antisense 
treatment  increases  DNA  fragmentation  in  neuroblas¬ 
toma  and  oligodendroglioma  (Shankar  et  al.  2001). 

We  next  investigated  the  labeling  patterns  of  active 
caspase-3  and  TUNEL  in  astrocytes  and  neurons. 
Recent  data  show  that  a  large  majority  of  astrocytes,  but 


few  neurons,  express  survivin  after  TBI  (Johnson  et  al. 
2004).  In  this  work  both  astrocytes  and  neurons  ex¬ 
pressed  active  caspase-3  and  TUNEL-positive  labeling 
post-injury,  but  the  prevalence  of  this  labeling  was 
dramatically  different  (Figs.  4  and  5).  A  higher  propor¬ 
tion  of  astrocytes  accumulated  active  caspase-3,  but 
fewer  astrocytes  than  neurons  were  labeled  with  TUN¬ 
EL  (Fig.  6).  It  is  presently  unclear  why  so  few  neurons 
were  labeled  with  active  caspase-3  in  these  experiments 
(Table  1).  One  possibility  could  be  caspase-3-mediated 
loss  of  NeuN  antigenicity  (Unal-Cevik  et  al.  2004),  al¬ 
though  other  groups  have  detected  prominent  caspase-3 
activation  in  apoptotic  neurons  after  TBI  (Beer  et  al. 

2000) .  Caspase-independent  necrosis  may  also  be  a 
major  contributor  to  neuronal  cell  death  after  TBI 
(Newcomb  et  al.  1999;  Wennersten  et  al.  2003).  Taken 
together,  these  findings  suggest  an  intriguing  correlation 
between  accumulation  of  survivin  and  low  levels  of 
DNA  fragmentation.  These  phenomena  seemed,  more¬ 
over,  to  be  cell-specific  -astrocytes  frequently  expressed 
survivin  and  there  was  less  evidence  of  DNA  fragmen¬ 
tation  whereas  for  neurons  there  was  more  evidence  of 
DNA  fragmentation  and  survivin  was  expressed  less 
frequently. 

These  studies  also  revealed  that  active  caspasc-3 
immunoreactivity  is  found  primarily,  though  not  exclu¬ 
sively,  in  the  nucleus  of  both  neurons  and  astrocytes 
5  days  post-injury.  Although  the  cytoplasmic  (Namura 
et  al.  1998;  Beer  et  al.  2000;  Clark  et  al.  2000)  and  nu¬ 
clear  (Velier  et  al.  1999;  Kamada  et  al.  2005;  Noyan- 
Ashraf  et  al.  2005)  distribution  of  active  caspase-3  have 
both  been  characterized,  the  ramifications  of  active 
caspase-3  nuclear  translocation  and  its  role  in  apoptosis 
after  TBI  are  unknown.  Studies  are  in  progress  to 
determine  the  relationship  between  the  nuclear  translo¬ 
cation  of  active  caspase-3  and  another  pro-apoptotic 
event,  nuclear  translocation  of  caspase-3  cleaved 
DFF40. 

Cell-specific  survivin  expression  may  explain  the 
lower  incidence  of  TUNEL  labeling  in  astrocytes  than  in 
neurons  (Fig.  6).  Cell  type-specific  expression  of  lAPs 
after  TBI  has  been  reported.  For  example,  XIAP  is  ex¬ 
pressed  primarily  by  neurons  (Lotocki  et  al.  2003)  and  a 
subset  of  oligodendrocytes  (Keane  et  al.  2001)  after 
brain  injury.  The  NAIP  is  expressed  in  neurons  after 
ischemia  (Xu  et  al.  1997)  and  TBI  (Hutchison  et  al. 

2001) .  Last.  RIAP-2  is  abundantly  expressed  in  neurons, 
as  opposed  to  astrocytes,  after  kainic  acid  treatment 
(Belluardo  et  al.  2002).  Figure  7  shows  a  putative 
mechanism  for  apoptosis  inhibition  by  survivin.  After 
upstream  caspase  activation  and  cleavage  of  procaspase- 
3  to  active  caspase-3,  survivin  acts  to  attenuate  the 
apoptotic  cascade  and  consequent  DNA  cleavage  by 
inhibiting  caspase-3  activity. 

In  conclusion,  our  data  are  consistent  with  other  TBI 
findings  showing  activation  of  apoptotic  cascades, 
including  accumulation  of  active  caspase-3,  in  both 
neurons  and  astrocytes,  with  concurrent  loss  of  cortical 
and  hippocampal  tissues  (Smith  et  al.  1997;  Conti  et  al. 
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DNA  Cleavage  (TUNEL) 

Kig.  7  Putative  mechanism  of  apoptosis  inhibition  by  survivin  after 
TBI.  The  TBI  induces  activation  of  upstream  caspases-8  and 
caspases-9  that  can  process  pro-caspase-3  to  its  active  form.  Once 
activated,  caspase-3  can  cleave  several  intracellular  substrates  and 
activate  restrictases  that  may  lead  to  DNA  fragmentation. 
Concomitant  survivin  expression  is  up-regulated  in  response  to 
the  same  TBI  signals.  Survivin  inhibits  tbe  activity  of  active 
caspase-3,  which  results  in  the  attenuation  of  DNA  fragmentation 

1998;  Newcomb  et  al,  1999;  Raghupathi  et  al,  2000; 
Lamer  et  al,  2004),  Our  data  also  demonstrate  for  the 
first  time  that  accumulation  of  active  caspase-3  in  the  rat 
brain  after  TBI  follows  a  similar  timeframe,  region,  and 
cell  type  expression  pattern  as  survivin.  These  data 
suggest  that  DNA  cleavage  may  be  attenuated  by 
expression  of  survivin  protein,  in  a  cell-specific  fashion, 
after  TBI,  Namely,  astrocytes  have  significantly  lower 
TUNEL  and  more  frequent  survivin  labeling  than  neu¬ 
rons,  suggesting  a  more  robust  anti-apoptotic  role  for 
survivin  in  astrocytes.  Taken  together,  these  results 
suggest  that  survivin  may  be  a  part  of  the  counteracting 
mechanisms  reducing  DNA  fragmentation  and  cell 
death  after  TBI  in  rats. 
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ABSTRACT 

We  report  the  rapid  discovery  of  putative  protein  biomarkers  of  traumatic  brain  injury  (TBI)  by 
SDS-PAGE-capillary  liquid  chromatography-tandem  mass  spectrometry  (SDS-PAGEl-Capillary 
LC-MS-).  Ipsilateral  hippocampus  (IH)  samples  were  collected  from  naive  rats  and  rats  subjected 
to  controlled  cortical  impact  (a  rodent  model  of  TBI).  Protein  database  searching  with  15,558  un- 
interpretcd  MS^  spectra,  collected  in  3  days  via  data-dependent  capillary  LC-MS^  of  pooled  cya¬ 
nine  dye-labeled  samples  separated  by  SDS-PAGE,  identified  more  than  306  unique  proteins.  Dif¬ 
ferential  proteomic  analysis  revealed  differences  in  protein  sequence  coverage  for  170  mammalian 
proteins  (57  in  naive  only,  74  in  injured  only,  and  39  of  64  in  both),  suggesting  these  are  putative 
biomarkers  of  TBI.  Confidence  in  our  results  was  obtained  by  tbe  presence  of  several  known  bio- 
markers  of  TBI  (including  all-spectrin,  brain  creatine  kinase,  and  neuron-specific  enolasc)  in  our 
data  set.  These  results  show  that  SDS-PAGE  prior  to  in  vitro  proteolysis  and  capillary  LC-MS-  is 
a  promising  strategy  for  the  rapid  discovery  of  putative  protein  biomarkers  associated  with  a  spe¬ 
cific  physiological  state  (i.e.,  TBI)  without  a  priori  knowledge  of  the  molecules  involved. 

Key  words:  controlled  cortical  impact  (CCl);  differential  in-gel  electrophoresis  (DIGE);  sodium  dodecyl 
sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE);  tandem  mass  spectometry  (MS“);  traumatic  brain 
injury  (TBI) 


INTRODUCTION 

RAUMATic  BRAIN  INJURY  (TBI),  defined  as  brain  dam¬ 
age  due  to  mechanical  force  applied  to  the  head,  has 
an  incidence  of  approximately  2  million  persons  annu¬ 
ally  in  the  United  States  with  an  annual  economic  cost 


of  $25  billion.  Thus,  accurate  diagnosis  following  TBI  is 
crucial  for  appropriate  clinical  management  of  TBI  pa¬ 
tients  and  for  reducing  costs.  Current  assessment  tools  of 
TBI  include  computed  tomography  and  magnetic  reso¬ 
nance  imaging.  Despite  the  accuracy  of  these  techniques, 
TBI  survivore  suffer  long-term  impairment  due  to  late  di- 
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agnosis  and  unguidcd  clinical  management.  Therefore, 
increased  interest  in  the  discovery  of  biomarkers  that  are 
indicative  of  injut^  severity  and  anatomical  localization 
has  been  realized  in  recent  years. 

Several  laboratories  have  examined  a  number  of  bio¬ 
logical  molecules  in  cerebral  .spinal  fluid  (CSF)  and  blood 
from  TBl  patients  in  an  effort  to  discover  TBl-specific 
molecules  (Pike  et  al.,  2(K)2;  Varma  et  al.,  2003;  Zemlan 
et  al.,  2002;  Berger  et  al.,  2002;  Raabe  et  al.,  2003).  For 
example,  our  laboratory  reported  the  discovery  of  non- 
erythroid  «1 1-spectrin  and  its  protease-.specific  degrada¬ 
tion  products  as  biomarkers  of  TBI  (Pike  et  al.,  2002). 
However,  a  major  limitation  of  currently  described  bio- 
markers  is  a  lack  of  TBl  specificity  and  a  poor  under¬ 
standing  of  the  biochemical  mechanisms  of  brain  trauma. 
Thus,  the  discovery  of  novel  protein  biomarkers  of  TBI 
that  serve  as  reliable  indicators  of  injury  severity  would 
be  highly  beneficial  for  predicting  outcome  and  man¬ 
aging  patients  (Denslow  et  al.,  2(X)3).  Moreover,  novel 
biomarkers  of  TBl,  particularly  neurodegenerative  and 
neuroprotective  proteins,  provide  insights  on  pathophys¬ 
iology  and  may  serve  as  therapeutic  targets  for  various 
neurological  di.sea.ses. 

Rapid  discovery  of  protein  biomarkers  in  complex 
samples  by  state-of-the-art  mass  spectrometry  methods, 
capable  of  identifying  thousands  of  proteins  in  a  single 
sample  by  protease-specific  peptide  .sequences,  is  pre¬ 
cluded  by  several  limitations.  “Shotgun"  capillary  liquid 
chromatography  (LC)-tandem  mass  spectrometry  (MS-) 
methods  (McDonald  and  Yates,  2002)  require  extended 
analysis  times  for  each  sample  (days)  and  information 
about  post-translational  modifications  (PTMs),  particu¬ 
larly  protein  degradation,  is  often  lost  during  in  vitro  pro¬ 
teolysis  (e.g.,  trypsination).  Liquid-phase  protein  .separa¬ 
tion  (e.g.,  2D  gels  and  LC-LC)  prior  to  in  vitro  proteolysis 
and  capillary  LC-MS^,  preserves  more  infonnation  about 
PTMs,  but  can  require  lO-lOO-fold  more  sample  and 
even  greater  analysis  times  for  complete  characterization 
(weeks).  Reproducible  replicate  analysis,  required  for 
preliminary  biomarker  validation,  and  limited  resources 
(e.g.,  mass  spectrometer  time)  further  compound  these 
problems. 

Recently,  the  large  dynamic  range  and  high  quantum 
yield  of  cyanine  dye-labeled  proteins  were  combined 
with  2D  gels  in  order  to  improve  gel-to-gel  repro¬ 
ducibility  and  reduce  analysis  time  via  sample  multi¬ 
plexing  (Gharbi  et  al.,  2002;  Leimgruber  et  al.,  2002; 
Macdonald  et  al.,  2001,  Tonge  et  al.,  2001).  This  tech¬ 
nique,  differential  in-gel  electrophoresis  (DIGE),  pro¬ 
vides  quantitative  information  complementary  to  isotope 
coded  affinity  tag  (lCAT)-capillary  LC-MS-  approaches 
(Gygi  et  al.,  1999),  while  preserving  more  information 
about  PTMs.  DIGE  al.so  provides  a  reduction  in  analysis 


time  because  only  gel  spots  with  a  significant  difference 
in  the  ratio  of  their  fluorescence  signals  need  to  be  tar¬ 
geted  for  protein  identification  by  mass  spectrometry 
(Gharbi  et  al.,  2002;  Kemec  et  al.,  2001;  Shaw  et  al.. 
2003;  Tonge  et  al.,  2001;  Yan  et  al.,  2002).  However, 
poorly  resolved  proteins  elude  identification,  while  well- 
resolved,  multiply  labeled,  proteins  produce  redundant 
identifications.  Given  our  emphasis  on  rapid  analysis, 
rather  than  more  comprehensive  characterization,  we  se¬ 
lected  the  limited  resolving  power  of  SDS-PAGE  as  an 
effective  means  to  reduce  redundant  identifications  and 
accelerate  the  discovery  of  putative  protein  biomarkers. 

In  this  report,  we  describe  the  application  of  a  novel 
differential  analysis  strategy,  SDS-PAGE-capillary  liq¬ 
uid  chromatography-tandem  mass  spectrometry  (SDS- 
PAGE-Capillary  LC-MS-),  to  the  discovery  of  putative 
protein  biomarkers  of  TBI  in  hippocampus  tissue.  Herein, 
protein  database  searching  of  uninterpreted  M,S-  spectra, 
collected  via  data-dependent  capillary  LC-MS-  of  pooled 
cyanine  dye-labeled  samples  separated  by  SDS-PAGE, 
was  combined  with  differential  proteomic  analysis.  We 
hypothesized  that  a  subset  of  putative  protein  biomark¬ 
ers  of  TBl.  including  some  with  PTMs,  would  be  rapidly 
revealed  by  comparing  the  protein  sequence  coverage  of 
naive  and  injured  samples. 


MATERIALS  AND  METHODS 

Chemicals  and  Reagents 

The  chemicals  and  reagents  used  are  described  else¬ 
where  (Haskins  et  al.,  2001).  Tryptic  digests  were  pur¬ 
chased  from  Michrorn  Bioresources  (Auburn,  CA)  for 
use  as  quality  control  standards.  Cyanine  dye  labeling 
reagents  were  purchased  from  Amersham  Biosciences 
(Piscataway,  NJ). 

Controlled  Cortical  Impact 

The  controlled  cortical  impact  (CCI)  device  used  to 
model  TBl  in  male  Sprague-Dawley  rats  was  described 
in  detail  elsewhere  (Pike  et  al..  2002).  The  magnitude 
of  injury  used  in  these  studies  produces  significant  cor¬ 
tical  contusions  and  less  overt  injury  that  often  extends 
into  the  region  of  the  hippocampus  (Posmantur  et  al., 
1997;  Dixon  et  al.,  1991).  Although  overt  hippocampal 
damage  is  not  usually  associated  with  this  model,  there 
is  evidence  of  increased  pathological  calpain-mediated 
proteolysis  in  the  hippocampus  following  cortical  im¬ 
pact  injury  (Newcomb  et  al.,  1997).  Cortical  impact  in¬ 
jury  is  usually  associated  with  intraparenchymal  hem¬ 
orrhage  and  dural  disruption,  but  extensive  subdural 
hemoiThage  is  not  a  primary  feature  of  this  model.  The 
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adult  rats  were  anesthetized  with  4%  isoBurane  in  a  car¬ 
rier  gas  of  1 : 1  O2/N2O  (4  min)  followed  by  maintenance 
anesthesia  of  2.5%  isoflurane  in  the  same  carrier  gas. 
Core  body  temperature  w'as  monitored  continuously  by 
a  rectal  thermistor  probe  and  maintained  at  37  i  1°C 
by  placing  an  adjustable  temperature  controlled  heating 
pad  beneath  the  rats.  Animals  were  mounted  in  a  stereo¬ 
tactic  frame  in  a  prone  position  and  secured  by  ear  and 
incisor  bars.  A  midline  cranial  incision  was  made,  the 
soft  tissues  were  reflected,  and  a  unilateral  (ipsilateral 
to  site  of  impact)  craniotomy  (7  mm  diameter)  was  per¬ 
formed  adjacent  to  the  central  suture,  midway  between 
bregma  and  lambda.  The  dura  mater  was  kept  intact  over 
the  cortex.  Brain  trauma  was  produced  by  impacting  the 
right  cortex  (ipsilateral  cortex)  with  a  5-mm-diameter 
aluminum  impactor  tip  (hou.sed  in  a  pneumatic  cylin¬ 
der)  at  a  velocity  of  3.5  m/sec  with  a  1.6-mm  com¬ 
pression  and  150-mscc  dwell  time  (compression  dura¬ 
tion).  Velocity  was  controlled  by  adjusting  the  pressure 
(compressed  N2)  supplied  to  the  pneumatic  cylinder. 
Velocity  and  dwell  time  were  measured  by  a  linear  ve¬ 
locity  displacement  transducer  (Lucas  Shaevitz™ 
model  500  HR,  Detroit,  MI)  that  produced  an  analog 
signal  that  was  recorded  by  a  storage-trace  oscilloscope 
(BK  Precision,  model  2522B,  Placentia.  CA).  At  48  h 
post-injury,  the  animals  were  anesthetized  with  4% 
isoflurane  in  a  carrier  gas  of  1:1  O2/N2O  (4  min)  and 
subsequently  sacrificed  by  decapitation.  Hippocampus 
samples  were  rapidly  dissected,  washed  with  saline  so¬ 
lution,  snap-frozen  in  liquid  nitrogen,  and  stored  at 
-80°C  until  further  processing.  Naive  animals  under¬ 
went  identical  surgical  procedures  but  did  not  receive 
an  impact  injury.  Appropriate  pre-  and  post-injury  man¬ 
agement  was  maintained  to  insure  compliance  with 
guidelines  set  forth  by  the  University  of  Florida  Insti¬ 
tutional  Animal  Care  and  Use  Committee  and  the  Na¬ 
tional  Institutes  of  Health  guidelines  detailed  in  the 
Guide  for  the  Care  and  Use  of  iMhoralory  Animals. 

Sample  preparation.  HipptKampus  samples  were  ho¬ 
mogenized  in  a  glass  tube  with  a  Teflon  dounce  pestle  in 
15  volumes  of  ice-cold  detergent-free  buffer  (50  niM 
Tris-HCl,  pH  7.4,  1  mM  EDTA,  2  mM  EGTA,  0.33  M 
sucrose,  1  mM  DTT)  containing  a  broad-range  protease 
inhibitor  cocktail  (Roche  Molecular  Biochemicals,  no.  1- 
836-145)  and  sonicated.  Samples  were  then  centrifuged 
at  900()g  for  5  min  at  4°C.  The  supernatant  was  stored  at 
— 80°C.  The  protein  concentration  of  each  sample  was 
determined  by  DC  protein  assay  (Biorad,  Hercules,  CA) 
with  albumin  standards.  Proteins  were  diluted  to  5  pglpL 
in  DIGE  lysis  buffer  containing  a  1%  protease  inhibitor 
cocktail  (P8340,  Sigma,  St.  Louis,  MO)  to  prevent  pro¬ 
teolysis  during  labeling. 


SDS-PAGE.  The  Cyanine  dye  labeling  reaction  was 
performed  with  minimal  labeling  conditions  (50  p.g  of 
protein  at  5  pg/p-L)  per  the  manufacturer’s  instructions 
unless  stated  otherwise  (Amersham.  Piscataway,  NJ).  La¬ 
beled  proteins  from  pooled  and  individual  (naive  or  in¬ 
jured)  samples  were  reduced  with  5  mM  DTT,  alkylated 
with  55  mM  iodoacetamide,  and  heated  to  95°C  for  2  min 
prior  to  separation  with  Tris-tricine  SDS-PAGE  gels 
(10-20%  polyacrylamide,  Invitrogen,  Carlsbad,  CA)  at 
4°C.  Fluorescence  imaging  was  performed  with  I -sec  ex¬ 
posure  times  (ProExpress,  PerkinElmer,  Boston,  MA). 
Alternatively,  unlabeled  proteins  were  .separated  with  the 
same  gel  system  and  stained  with  Coomassie  blue.  In  both 
casics,  image  analysis  (Imaged,  NIH)  was  perfomied  to 
target  specific  regions  of  the  gel;  however,  1.5  mm  X  4 
mm  gel  slices  .spanning  the  entire  gel  lane  were  exci.sed 
and  stored  at  —  8()°C  for  trypsinization. 

In  vitro  proteolysis.  Excised  gel  bands  were  destained, 
reduced  with  5  mM  DIT,  and  alkylated  with  55  mM 
iodoacetamide  prior  to  overnight  digestion  with  400  ng 
of  trypsin  (Trypsin  gold.  Promega.  Madison,  WI)  in  100 
mM  NH4HCO3. 

Preparation  of  capillary  LC  columns  with  integrated 
electrospray  emitters.  The  preparation  of  capillary  LC 
columns  with  integrated  electrospray  emitters  is  de¬ 
scribed  elsewhere  (Haskins  et  al,  2(K)1);  however,  5  cm 
of  3-/im  C18  particles  (Alltima  Cl 8,  Alltcch,  Deerfield, 
IL)  and  50-/xm-i.d.  capillary  LC  columns  were  used  in 
this  work. 

Automated  two-pressure  capillary  LC-MS~  sy.stem. 
The  capillary  LC-MS-  system  is  described  elsewhere 
(Haskins  et  al,  2(X)I).  The  sy.stem  utilizes  2  six-port 
valves  to  select  the  pump  and  flow  path  for  preconcen¬ 
tration,  desalting,  and  separation/electrospray  steps.  Dur¬ 
ing  the  preconcentration  and  desalting  steps  the  high- 
flow-rate  pump  was  selected  without  .splitting  of  the 
sample  in  order  to  minimize  the  sample  loading  time. 
During  the  septuation/electrospray  step,  the  low-flow- 
rate  pump  was  selected  with  splitting  of  the  gradient  in 
order  to  maximize  the  septu'ation  and  electrospray  effi¬ 
ciency  and  to  minimize  the  delay  time  of  the  gradient, 
respectively. 

In  this  work,  4.5  pL  from  a  \2-pL  sample  of  tryptic 
jreptides  was  transferred  into  a  2-yu,L  sample  loop  with 
an  autosampler  and  analyzed  every  38  min  by  precon¬ 
centrating/desalting  at  600  nL/min  and  scparating/elec- 
trospraying  at  60  nL/min.  All  measurements  were  made 
with  the  following  capillary  LC-MS-  parameters,  unless 
specified  otherwise:  preconcentration  time  =  3.3  min 
(2.0  /zL),  desalting  time  =  3.3  min  (2.0  (L),  separa- 
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tion/clectrospray  time  =  30  min  (10  min  pump  gradient 
from  5%  to  45%  mobile  phase  B;  mobile  phase  A  =  2% 
acetonitrile:  1  %  acetic  acid;  mobile  phase  B  =  98%  ace¬ 
tonitrile:  1%  acetic  acid),  re-equilibration  time  =  1.4 
min.  The  mass  spectrometer  was  a  QIT  (LCQ-Deca  XP-I-, 
ThermoFinnigan,  San  Jose,  CA)  with  the  following  pa¬ 
rameters,  unless  specified  otherwise:  automatic  gain  con¬ 
trol  (AGO  on,  max  AGC  time  =  3(X)  msec,  q  =  0,25, 
isolation  width  =  3  m/z,  normalized  collision  energy  = 
35%,  activation  time  =  0.25  msec  and  the  default  num¬ 
ber  of  microscans  and  target  count  values.  Data-depen- 
dent  MS/MS  spectra  (MS,  4  X  MS/MS)  were  collected 
using  a  precursor  ion  window  of  m/z  400- 1800  and  a 
product  ion  window  calculated  for  z  =  +2. 

Differential  proteomic  analysis.  Protein  database 
searching  (RefSeq  785,143  sequences  (Pruitt  and  Ma- 
glott,  2(X)1)  with  uninterpreted  MS-  spectra  and  differ¬ 
ential  proteomic  analysis  of  unmcxlified  proteins  were 
performed  with  Sequest  (Yates  ct  al.,  1998)  and  DTA- 
Select  (Tabb  et  al.,  2002),  respectively.  The  default  pre¬ 
cursor  and  product  ion  tolerances  of  1 .5  and  0.0  were  se¬ 
lected  for  Seque.st,  while  only  singly,  doubly,  and  triply 
charged  tryptic  peptide  sequences  with  Xcorr  >  1 .8,  2.5, 
and  3.5  were  considered  significant  for  DTASclect.  No 
molecular  mass  constraints  were  placed  on  protein  iden¬ 
tification  by  protein  database  searching.  A  TBI  database 
containing  unmodified  peptide  and  protein  sequences  that 
were  ob.served  in  naive  only,  injured  only,  or  both  con¬ 
ditions  was  constructed  in-house  (from  the  DTASelect 
files  via  Microsoft  Access  2002)  as  a  function  of  the  1 D- 
DIGE  gel  position  (gel  slices  were  numbered  1-50  from 
high  to  low  molecular  ma.ss).  PTMs  were  investigated 
with  Mascot  (Perkins  et  al.,  1999)  using  the  same  pro¬ 
tein  database  as  Sequest  but  with  the  recommended  pre¬ 
cursor  and  product  ion  tolerances  of  2.0  and  0.8,  respec¬ 
tively.  PTMs  were  considered  significant  if  the  Ma.scot 
score  indicated  homology  with  greater  than  95%  proba¬ 
bility. 


RESULTS 

SDS-PAGE-Capillaty’  LC-MS- 

Naive  and  injured  hippocampal  protein  samples  were 
processed  and  labeled  with  Cy-3  and  Cy-5  dye  separately. 
Labeled  proteins  from  pooled  and  individual  samples 
were  separated  side-by-side,  and  naive  and  injured  sam¬ 
ples  were  run  on  separate  lanes  (Fig.  1).  Our  results  show 
the  consistency  in  protein  loading,  cyanine  dye  labeling, 
and  separation  efficiency.  Alternatively,  unlabcled  pro¬ 
teins  were  separated  with  the  same  gel  system  and  stained 
with  Coomassie  blue  (data  not  shown).  In  general,  we  did 
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FIG.  1.  Cyaninc-dyc  labeled  proteins  separated  by  SD,S- 
PAGE.  Fluorescence  image  of  25  /ag  of  Cy3-  and  Cy5-labeled 
proteins  from  naive  (N)  and  injured  (I)  ipsilateral  hippocampus 
(IH)  samples  separated  on  a  Tris-tricine  SD.S-PAGE  gel 
(10-20%  polyacrylamide). 


not  find  a  significant  advantage  of  cyanine-dye  labeling 
for  our  purposes.  Fifty  1 .5  mm  X  4  mm  gel  slices  span¬ 
ning  each  (naive  or  injured)  gel  lane  were  excised, 
irypsinized  and  subjected  to  automated  capillary  LC- 
MS-.  We  collected  15,558  uninterpreted  MS-  spectra  in 
3  days  for  pooled  cyanine  dye-labeled  samples  separated 
by  SDS-PAGE.  Protein  databa.se  searching  identified 
more  than  306  unique  proteins.  Overall,  we  obtained 
156  i  60  MS^  spectra  per  gel  slice  and  1-3  tryptic  pep¬ 
tide  sequences  per  protein.  Figure  2  shows  the  cor¬ 
relation  between  the  database-derived  molecular  mass 
(MfCalc),  and  SDS-PAGE-predicted  molecular  mass 
(M|Obs).  The  migration  of  proteins  in  the  SDS-PAGE  gel 
inversely  correlates  with  MfCalc  for  unmodified  proteins 
identified  by  capillary  LC-MS-  and  databa.se  .searching 
(solid  line),  as  expected.  Accordingly.  MrObs  directly  cor¬ 
relates  with  MrCalc.  In  addition,  protein  sequence  cover¬ 
age  shows  an  inverse  correlation  with  Mrcalc  (dashed 
line).  That  is,  the  higher  the  molecular  mass  of  the  pro¬ 
tein,  the  less  sequence  coverage  is  obtained.  However,  it 
is  important  to  note  that  we  have  successfully  identified 
(by  peptide  sequences  rather  than  by  peptide  masses) 
more  than  20  proteins  of  high  molecular  ma.ss  ( 1 50-300 
kDa).  In  contrast,  proteins  in  this  molecular  ma.ss  range 
are  almost  impossible  to  visualize  and  identify  by  2D  gels 
(Fountoulakis  et  al.,  1999b), 


632 


^  45 


RAPID  DISCOVERY  OF  TBI  PROTEIN  BIOMARKERS 


%  *(ee)  dBejdAOQ  douanbas 


■ON  aoHS  1^9  'sqo^w 


633 


FIG.  2.  Correlation  between  the  dalabase-denved  molecular  mass  (Mrcalc),  and  bDb-rAOb-predicted  molecular  mass  (MrObs).  ihe  mi- 
gration  of  proteins  in  the  SDS-PAGE  gel  inversely  correlates  with  M^alc  for  unmodified  proteins  identified  by  capillary  LC-MS-  and  data¬ 
base  searching  (solid  line),  as  expected.  Accordingly.  M^obs  directly  correlates  with  Mrcalc.  In  addition,  protein  sequence  coverage  shows  an 
inverse  correlation  with  MfCalc  (dashed  line). 
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Tahi.k  1.  Dikfkrkntiai,  Protkomic  Analysis  ok  Mammalian  Protein 


RefSeq  accession 

number 

Protein  description 

Mr  calc 
(kDa) 

MrOhs  (kDa) 

Protein  appears 
NM_0220<)7 

in  naive  animals  only 

FXYD  domain-containing  ion  transport  regulator  7 

8 

13-17 

NM_18I029 

\Mus  nmscutus] 
casein  alpha-Sl  \Bos  laiirus] 

25 

>250 

NM_0 12966 

heat  shock  10  kDa  protein  1  (chaperonin  10) 

II 

10-13 

NM_0 17236 

\Ratttis  nonvgicTw] 

phosphatidylcthanolaminc  binding  protein 

21 

15-25 

NM_0 18947 

[Rattus  norvegicus] 
cytochrome  c  [Homo  sapiens] 

12 

<10 

NM_0571 14 

peroxiredoxin  1  [Rattus  non’egicus\ 

22 

1.5-25 

NM_022f)ll 

profilin  [Rattus  norsegicus] 

15 

10-15 

NM_  174294 

casein  kappa  [Bos  taiirus] 

21 

>250 

NM_028207 

dual  specificity  phosphatase  3  [Mas  niusculus] 

20 

1.5-25 

NMJ)  16956 

hemoglobin,  beta  adult  minor  chain;  beta  min; 

16 

10-15 

NM_017169 

beta  minor  globin  [Mus  musculus] 

Ihioredoxin  peroxidase  1  [Rattus  norvegicus] 

22 

1.5-25 

NMJ)  17055 

transferrin  [Rattus  /iom’gic//.r| 

76 

50-75 

NM_  182839 

RiKEN  cDNA  290004 1A09  [Mus  musculus] 

23 

17-27 

NMJ)  10471 

hippocalcin  [Mus  musculus] 

22 

1.5-25 

NM_023716 

tubulin,  beta  [Mus  musculus] 

50 

35-50 

NM_02I316 

BM88  antigen  [Mus  musculus] 

15 

1.5-25 

NM_05351! 

neural  F  box  protein  NFB42  [Rattus  norvegicus] 

34 

30-35 

NM_009610 

Actin.  gamma  2  (smooth  muscle)  [Mus  musculus] 

42 

40-60 

NM_022922 

triosephosphate  isomerase  1  [Rattus  norvegicus] 

27 

17-27 

NM_01913I 

tropomyosin  1,  alpha  [Rattus  norvegicus] 

29 

27-33 

NM_0 12498 

aldehyde  reductase  1  [Rattus  norvegicus] 

36 

1.V17 

NM_0()0410 

hemochromatosis  protein  1  [Homo  sapiens] 

10 

35-50 

NMJ)  17025 

lactate  dehydrogenase  A  [Rattus  norvegicus] 

36 

27-33 

NM_008617 

malate  dehydrogenase,  mitochondrial  [Mus  musculus] 

35 

27-33 

NM_023716 

RIKEN  cDNA  2410129E14  gene  [Mus  musculus] 

50 

35-50 

NM_002634 

prohibitin  [Homo  sapiens[ 

30 

17-27 

NMJ)1 1553 

t-complex  protein  10b  [Mus  musculus] 

49 

>250 

NM_001069 

tubulin,  beta  polypeptide  [Homo  sapiens] 

50 

3.5-50 

NM_0()2301 

lactate  dehydrogenase  C  [Homo  sapiens] 

36 

27-33 

NM_0 12949 

enohise  3,  beta;  [Rattus  nonrgicus] 

47 

35-50 

NM_0I4364 

glyceraldehyde-3-phosphate  dehydrogenase. 

44 

27-33 

NM_0 13506 

testis-specific  [Homo  sapiens] 
eukaryotic  translation  initiation  factor  4A2  [Mus  musculus] 

46 

35-50 

NM_1 33977 

transferrin;  hypotransferrinemia  with  hemochromatosis 

77 

50-75 

NM_003026 

[Mus  musculus] 

SH3-domain  GRB2-like  2  [Homo  sapiens] 

40 

3.3^) 

NM_139254 

tubulin,  beta  3  [Rattus  non’c.gicu.v] 

50 

35-50 

NMJ)22399 

calreticulin  [Rattus  non'egicus[ 

48 

3.5-50 

NM_031140 

vimentin  [Rurti/.v  noivegicus] 

54 

3.5-50 

NM_0 12497 

aldolase  C,  fnictose-biphosphate  [Rattus  noivegicus] 

39 

33-40 

NM_031034 

guanine  nucleotide  binding  protein  (G  protein)  alpha  12 

44 

30-35 

XM_236277 

[Rattus  non'egicus] 

protein  phosphtitase  PP2A  [Rattus  norvegicus[ 

65 

50-75 

NM_0 19225 

solute  carrier  family  1 ,  member  3  [Rattus  norwgicus] 

60 

>250 

NMJ)17(X)9 

glial  fibrillary  acidic  protein  [Rattus  norvegicus[ 

.50 

35-50 

NM_025407 

ubiquinol-cyttKhrome  c  reductase  core  protein  1 

53 

35-50 

NM_145614 

[Mus  musculus] 

dihydrolipoamide  S-acetyltransferase  musculus] 

68 

50-75 
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Table  1.  Differential  Proteomic  Analysis  of  Mammalian  Protein  {Contisued) 


RefSeq  accession  number 

Protein  description 

Mrcalc 

(kDa) 

Mrohs  (kDa) 

NM_022229 

heal  shiKk  protein  60  (chaperonin)  [Rattus  norrcgicus] 

61 

40-60 

NM_I455I8 

NADH  dehydrogenase  (ubiquinone)  Fe-S  protein  1 
[Mus  musculus] 

80 

50-75 

NM_I75I99 

heal  shock  protein  12A  ]Mus  musculus] 

75 

50-75 

NM_0()8449 

kincsin  heavy  chain  5C,  neuron-specific  ]Mus  musculus] 

109 

80-1.30 

NM_0317I5 

phosphofructokinasc,  muscle  [Rattus  no/vegicus] 

86 

60-90 

NM_145779 

pregnancy-zone  protein  [Rattus  nonegicus] 

167 

11.5-205 

NM_0 13559 

HSPI05  [Mus  musculus[ 

97 

80-130 

NM_03I6{)4 

transporting  ATPasc,  lysosomal  (vacuolar  proton 
pump)  [Rattus  noiregicus] 

96 

>2.50 

NM_021343 

spermatogenesis  associated  factor  IA/h.v  musculus] 

97 

75-105 

NM_007804 

cut-like  2  [Mus  musculus] 

155 

3.5-50 

NM_  152296 

ATPase,  Na'‘^/K^  transporting,  alpha  3  polypeptide 
[f/omo  sapiens] 

112 

80-130 

NM_054004 

TBP-interacling  protein  12()A  [Rattus  norvegicus] 

136 

105-160 

NM_019167  beta-spcctrin  3  [Rattiis  nor\’ej>icus\ 

Prutvin  appears  in  injured  animals  only 

271 

>2.50 

NM_(X)35()9 

H2A  histone  family,  member  C  [Homo  sapiens] 

14 

10-15 

NM_080777 

synuclein,  beta  [Rattus  norvegicus] 

15 

I(f-I5 

NM_0()()976 

ribosomal  protein  L12  ]Homo  sapiens] 

18 

1.5-25 

NM_025562 

RIKF:N  cDNA  2010003014  ]Mus  musculus] 

17 

1.3-17 

NM_0I6068 

CGI- 135  protein  ]Honu)  sapiens] 

17 

13-17 

NM_025313 

RIKEN  cDNA  061(XX)8F14  [Mus  musculus] 

18 

10-15 

NMJ)26369 

actin-related  protein  2/3  complex,  subunit  5  ]Mus  musculus] 

16 

13-17 

NMJ)  12038 

visinin-like  1  lA/iii'  musculus] 

22 

1.5-25 

NMJX)9923 

cyclic  nucleotide  phosphodiesterase  1  [Mus  musculus] 

47 

35-50 

NM_1 33796 

Rho  GDP  dissociation  inhibitor  (GDI)  alpha  [Mus  musculus] 

23 

17-27 

NMJ)  14231 

VAMP- 1  A;  synaptobrevin  [Homo  sapietus[ 

13 

10-15 

NM_0I710I 

peplidylprolyl  isomease  A  (cyclophilin  A)  [Rattus  norvegicus[ 

18 

10-15 

NMJX)9(X)I 

RAB3A,  member  RAS  oncogene  family  [M».s  musculus] 

25 

15-25 

NMJ)00518 

beta  globin  [Homo  sapiens] 

16 

10-15 

NM_024349 

adenylate  kinase  [Rattus  norvegicus] 

21 

15-25 

NM_03I603 

14-3-3  epsilon  [Rattus  non'egicus[ 

29 

1.5-25 

NMJ)  17051 

superoxide  dismutase  2,  mitochondrial  [Rattus  norvegicus] 

25 

15-25 

NMJ)26267 

RIKEN  cDNA  120(X)16BI7  ]Mus  musculus] 

30 

30-35 

NM_008907 

peplidylprolyl  isomcrase  A;  cyclophilin  A  [Mus  musculus] 

18 

13-17 

NM_053610 

peroxiredoxin  5  precursor  [Rattus  norvegicus] 

22 

13-17 

NMJ)16131 

ras-relaled  GTP-binding  protein  RABIO  ]Homo  sapiens] 

23 

15-25 

NM_0 11670 

ubiquilin  carboxy-tcrminal  hydrolase  LI;  gracilc  axonal 
dystrophy;  protein  gene  product  9.5  [Mus  musculus] 

25 

15-25 

NM_0 19376 

14-3-3  protein  gamma  ]Rattus  nonvgicus] 

28 

17-27 

NM_0 11739 

14-3-3  theta  ]Mus  musculus] 

28 

17-27 

NM_010312 

guanine  nucleotide-binding  protein,  beta-2  subunit 
[A/us  musculus] 

37 

30-35 

NM_023200 

protein  phosphala.se- 1  regulatory  subunit  7  ]A/us  musculus] 

41 

3.5-50 

NM_019632 

N-ethylmaleimide  sensitive  fusion  protein  attachment  protein 
beta;  brain  protein  147  [A/u-v  musculus] 

34 

27-33 

NMJ)  17327 

GTP-binding  protein  alpha  o;  RATBPGTPC 
[Rattus  norvegicus] 

40 

.3(K35 

NM_026646 

RIKEN  cDNA  13()0006L01  [Mus  musculus] 

35 

30-35 

NM_005I65 

aldolase  C.  fruclose-bi.sphosphate;  Aldola.se  C,  fructose- 

39 

3.3^0 

bisphosphatasc  [Homo  sapiens] 


(continued) 
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Tabi.e  1. 

Differentia!.  Proteomic  Analyses  of  Mammalian  Protein  (Continuld) 

RefSeq  accession  number 

Protein  description 

Mrcalc 

(kDa) 

M,obs  (kl)a) 

NM_()25942 

RIKKN  cDNA  28104()9H07  |/Wh.v  musctdus] 

45 

35-50 

NM_0 19291 

carbonic  anhydrase  2  [Rattus  noree/’icus] 

37 

27-33 

NM_0172I5 

solute  carrier  family  1,  member  2  {Rattus  non'e/ticusl 

62 

>250 

NM_0059I7 

cytosolic  malatc  dehydrogenase  [/foino  sapiens] 

36 

17-27 

NM_006032 

copine  6;  neuronal  copine;  N-copine  {Nonio  sapietLsj 

62 

50-75 

NMJ)06136 

F-actin  capping  protein  alpha-2  [f/omo  sapiens] 

33 

27-33 

NMJX)2074 

G  protein,  beta-1  subunit;  transducin  beta  chain  11 

37 

30-35 

NM_0 14203 

[//onio  sapiens] 

adaptin.  alpha  A;  ]//omo  sapiens] 

108 

80-130 

NMJX)2635 

phosphate  carrier  precursor  isoform  lb;  mitochondrial 

40 

>250 

NMJ)  18754 

[Homo  sapiens] 

stratifin;  14-3-3  sigm  |A/«.v  muscu/us] 

28 

17-27 

NMJ)24221 

pyruvate  dehydrogenase  (lipoamide)  beta  [Mas  musculus] 

39 

30-35 

NM_025899 

ubiquinol  cytochrome  c  reductase  core  protein  2 

48 

35-50 

NM_002300 

{Mas  musculus] 

lactate  dehydrogenase  B  [Homo  sapiens] 

37 

27-33 

NM_0 12570 

glutamate  dehydrogenase  1 ;  memory  related  gene  2 

61 

40-60 

NM_1 38828 

[Rattus  norx’ejiicus] 
apolipoprotein  E  [Rattus  non’cgicus] 

36 

27-33 

NMJ)  13681 

synapsin  11  [Mas  musculus] 

52 

40-60 

NM_033235 

malate  dehydrogenase  l[/?ofm.s  iion’egieus) 

36 

27-33 

NMJ)11861 

protein  kina.se  C  and  ca.sein  kinase  sub.siratc  in  neurons  1 

51 

40-60 

NM_004077 

]Mus  musculus] 

citrate  syntliase  precursor;  citrate  synthase,  mitochondrial 

52 

35-50 

NM_007505 

[Homo  sapiens] 

ATP  synthase,  IT*'  transporting,  mitochondrial  FI  complex. 

60 

35-50 

NM_057118 

alpha  subunit,  isoform  1  [Mus  musculus] 
contactin  1  [Rattus  norvegicus] 

113 

105-160 

NM_0 10481 

heal  shock  protein,  A  [Mus  musculus[ 

74 

50-75 

NMJ)  19703 

phosphofructokinase  [Mus  musculus[ 

86 

60-90 

NM_0 12491 

adducin  2,  beta  [Rattus  norvegicus] 

81 

80-130 

NMJX)3178 

synapsin  11b  ]Homo  sapiens] 

52 

40-60 

NMJX)9947 

copinc  VI;  copinc  6;  neuronal  copinc  [Mus  musculus] 

62 

50-75 

NMJ)1 1393 

solute  carrier  family  1 ,  member  2;  glial  high  affinity 

61 

>250 

NM_15378I 

glutamate  transporter  l/f/iis  musculus] 
brain  glycogen  phosphorylasc  musculus] 

97 

75-105 

NMJX)6644 

heal  shock  105  kD  [Homo  sapiens] 

92 

80-130 

NM_031783 

neurofilament,  light  polypeptide  [Rattus  norx’egicus] 

61 

50-75 

NM_006950 

synapsin  la  [Homo  sapiens] 

74 

50-75 

NM_0 13066 

microtubule-associated  protein  2  [Rattus  norvegicus] 

199 

>250 

NM_021979 

heal  shock  70  kDa  protein  2  [Homo  sapiens] 

70 

50-75 

NM_0 12607 

ncurofilament,  heavy  polypeptide  ]Rattus  norvegicus] 

115 

115-205 

NM_181092 

synaptic  Ras  GTPa.se  aclivaling  protein  1  norvegicus] 

128 

105-160 

NM_005348 

heal  shock  90  kDa  protein  1,  alpha  [Homo  sapiens] 

85 

75-105 

NM_0 10438 

hexokinase  1;  downcast  anemia  ]Mus  musculus] 

106 

80-130 

NM_000477 

albumin  precursor  [Homo  sapiens] 

69 

10-15 

NM_001385 

dihydropyrimidinase  [Homo  sapiens[ 

57 

50-75 

NM_001127 

Sela-adaptin  [Homo  sapiens] 

105 

80-130 

NM_003334 

ubiquitin-activating  enzyme  El  ]Homo  sapiens] 

1 18 

80-130 

NM_001835 

Clathrin,  heavy  chain  [Homo  sapiens] 

179 

115-205 

NM_005657 

tumor  protein  p53  binding  protein,  1  [Homo  sapiens[ 

214 

15-25 

NMJX)2374 

microtubule-associated  protein  2a  [Homo  sapiens[ 

199 

>250 
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Tabi.e  I.  Differentiai.  Proteomic  Analysis  of  Mammalian  Protein  {CoN-iiNum) 


Mr  calc 


RefSeq  accession 

number 

Protein  description 

(kDa) 

Mrohs  (kDa) 

Higher  sequence 
NM_005530 

coverage  in  injured  than  naive  (protein  appears  in  both) 

mitochondrial;  isocitrale  dehydrogentLse  (NAD'*')  alpha 

40 

30-35 

NM_024398 

\Homo  sapiens] 

mitochondrial  aeonita.se  [Rattus  non^egiciis] 

85 

60-90 

NM_{)05566 

lactate  dehydrogenase  A  [Homo  sapiens] 

37 

27-33 

NM_057143 

fertility  protein  .SP22  ]Rattus  norx'egicus] 

200 

15-25 

NMJ)  13083 

heat  shock  70  kD  protein  5  (Romt.v  nor\’egicus] 

72 

50-75 

NM_0I9169 

synuclcin,  alpha  [Rattas  nor\'egicus\ 

15 

10-15 

NM_024398 

mitochondrial  aconita.se  ]Rattiis  norvegicus] 

85 

60-90 

XM_237718 

tubulin  alpha  6  {Rattus  norvegicus] 

50 

35-50 

NM_I71983 

alpha-spectrin  2  [Rattus  norwgicus] 

285 

>2.50 

NM_  139325 

enola.se  2,  gamma;  neuronal  [Rattus  norvegicus] 

50 

35-50 

NM_006597 

heat  shock  70  kDa  protein  8  isoform  1  [Homo  sapiens] 

71 

50-75 

NM_0 15981 

CaM  kinase  11  alpha  subunit;  isoform  1  ]Homo  sapiens] 

55 

40-60 

NM_0 11738 

14-3-3  eta  [Mas  musculus] 

28 

17-27 

NMJ)  17042 

protein  phosphatase  3  (calcineurin)  subunit  A  beta 

59 

40-60 

NMJX)5507 

[Rattus  norvegicus] 

cofilin  1  (non-muscle)  [Homo  sapiens] 

19 

15-25 

NM_I46100 

hypothetical  protein  MGC25352  ]Mus  musculus] 

55 

50-75 

XM_2 17040 

tubulin  alpha- 1  [/?«/fu.s  norveg/ciLvl 

50 

35-50 

Same  sequence  coverage  in 
NMJK)6870 

naive  and  injured 
destrin  ]Homo  sapiens] 

19 

I.5--25 

NM_173102 

tubulin,  beta  5  [Rattus  non’egicus] 

50 

35-50 

NM_0()6(XX) 

tubulin,  alpha  1;  testis-specific  [//onto  sapiens] 

50 

35-50 

NM_001 102 

actinin,  alpha  1  [Homo  sapiens] 

103 

80-130 

NM_008634 

microtubule-associated  protein  lb  [Mus  musculus] 

270 

27-33 

NMJX)8084 

glyccraldchydc-3-phosphac  dehydrogenase  [Mus  musculus] 

36 

.30-35 

NM_023964 

glyceraldehyde-3-pho.sphate  dehydrogenase  type  2 

47 

.30-35 

NM_  153629 

[Rattus  norvegicus] 

(NM_I53629)  heat  shock  70  kDa  protein  4  [Rattus  non-egicus] 

94 

80-130 

NM_0 12529 

(NMJ)  12529)  creatine  kinase,  brain  [Rattus  norvegicus] 

43 

33-10 

NM_0 12734 

hexokinasc  1  [Rn/ti/.v  norvegicus] 

103 

7.5-105 

NM_009497 

vesicle-associated  membrane  protein  2;  synaptobrevin  11 

13 

10-15 

NM_0 16774 

1A/h,v  musculus] 

ATP  synthase,  H'*'  transporting  mitochondrial  FI  complex,  beta 

58 

.35-50 

NM_0 10777 

subunit  [Mus  musculus] 

(NM_0I0777)  myelin  basic  protein;  myelin  deficient 

27 

10-27 

NMJ)31728 

[Mus  musculus] 

synaptosomal-a.sstKiated  protein  (API 80)  [Rattus  nori'egicus] 

94 

80-130 

NM_000517 

alpha  2  globin  [Homo  sapiens] 

15 

10-15 

NM_002965 

SlOO  A9;  calgranulin  B  [Homo  sapiens] 

13 

1:  >250, 

NM_030873 

profilin  11  [Rattus  nor\’egictis] 

15 

N:  60-90 

10-15 

NMJ)  12673 

thymus  cell  surface  antigen  [Rn/ti/.v  norvegicus] 

18 

15-25 

NM_0 12635 

(NM_012635)  pancreatic  trypsin  1  [Rattus  norvegicus] 

26 

75-105 

NM_013177 

Cdutamate  oxaloacctate  transaminase  2  mitochondrial 

27 

.3.3-10 

NM_0 12504 

[Rattus  norvegicus] 

ATPase,  Na'‘‘K'''  transporting,  alpha  1  [Rattus  norvegicus] 

113 

105-160 

NM_0 10324 

glutamate  oxaloacetate  transaminase  1,  cyto,solic 

26 

3.3^) 

NM_080583 

[Mus  musculus] 

adaptor-related  protein  complex  2,  beta  1  subunit;  beta  adaptin 

105 

7.5-105 

[Rattus  nori'egicus] 

(continued) 
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RefSeq  accession  manber 

Protein  description 

MrCalc 

(kDa) 

Alrohs  (kDa) 

NM_026508 

(NM_026508)  RIKEN  cDNA  241(XX)2K23  [Mas  nmsadiis] 

80 

75-105 

NM_0()631() 

puromycin-sensitive  aminopeplidase;  metalloproteinase 

99 

7.5-105 

Higher  .sequence  coverage 
NM_030773 

MPlOO  [Homo  sapiens] 

in  naive  than  injured  (protein  appears  in  both) 
beta  tubulin  1.  class  VI  [Homo  sapiens] 

50 

35-50 

NM_0 19299 

clalhrin.  heavy  polypeptide  (He)  [Rattus  norx’eKicus] 

192 

160-250 

NM_(X)3127 

alpha-spectrin  2  (alpha-fodrin)  [Homo  sapiens] 

284 

>250 

NM_0 13096 

hemoglobin,  alpha  1  [Rattus  /lon'cg/rw.s] 

15 

10-15 

NM_0 18753 

14-3-3  protein  beta  |A7m.s  nutsciilus[ 

28 

17-27 

NM_000944 

protein  phosphata.se  3  (calcineurin  A  alpha)  [Homo  sapiens] 

59 

40-60 

NM_057213 

ATPasc,  H  *■  transporting,  lysosomal  beta  2  [Rattus  norvenicus] 

57 

40-60 

NM_  138548 

nucleoside  diphosphate  kinase  (NM23A)  [Rattles  nor\’ef;icus] 

17 

10-15 

NM_033234 

Hemoglobin,  beta  [Rattus  non-efiiciis] 

16 

10-15 

NM_053543 

ncurochondrin  [Rattus  noreegicus] 

79 

50-75 

NM_(X)3406 

14-3-3  zeta  [Homo  sapiens] 

28 

17-27 

NM_031353 

voltage-dependent  anion  channel  1  [Rattus  noivetiicus] 

31 

ll-'ii 

NM_1 38.597 

ATP  synthase,  trans|X)rtlng.  mitochondrial  FI  complex. 

23 

1.5-25 

NMJ)5.329I 

O  subunit  [Afus  musculus] 
phosphoglycerate  kinase  1  [Rattus  nor\>egicus] 

45 

3.5-.50 

NM_(XXX)34 

aldolase  A;  fructosc-biphosphate  aldola.se  [Homo  sapiens] 

39 

33-40 

NMJ)  17245 

translation  elongation  factor  2  nonegicus] 

95 

7.5-105 

NM_023119 

enolase  1.  alpha  non-neuron  |Wm,v  muscu/us] 

47 

35-50 

NM_0059I8 

mitochondrial  malatc  dehydrogenase  [Homo  sapiens] 

36 

27-33 

NM_053297 

/pynivate  kinase,  muscle  [Rattus  nonrgicus] 

58 

40-60 

NM_080689 

dynamin  I  [Rattus  nori'egicus[ 

96 

75-105 

NM_0I1123 

myelin  proteolipid  protein  [Afus  musculus] 

30 

1,  N:  15-30, 

NM_134326 

albumin  IRot/u.v  non>egicus] 

69 

N:  10.5-160 

50-75 

The  RefSeq  (Pruitt  and  Maglott.  2001)  accession  number,  protein  description,  database-derived  molecular  mass  (MfCalc),  and 
SD,S-PAGE-prcdictcd  molecular  mass  (M,obs)  arc  shown  for  putative  protein  biomarkcrs  of  TBl. 


Differential  proteomic  analy.sis  of  the  gel  slice.s  (high  to' 
low  MrObs)  revealed  differences  in  protein  sequence  cov¬ 
erage  for  170  mammalian  proteins  (57  in  naive  only,  74 
in  injured  only,  and  39  of  64  in  both)  as  listed  in  Table  1. 
Inspeetion  of  the  proteins  falling  into  each  of  the  three 
categories  of  protein  markers  shows  that  several  well- 
studied  proteins  involved  in  TBl  were  observed  in  both 
naive  and  injured  samples,  including  brain  creatine  ki¬ 
nase  (CKB),  all-spectrin,  neuron-specific  enola.sc  (NSE), 
a-synucicin  (a-Syn).  microtubule  associated  protein  2a 
and  2b  (MAP2),  neurofilament  (NF),  proteolipid  protein 
(PLP),  and  myelin  basic  protein  (MBP).  The  injured-to- 
naive  ratio  of  protein  sequence  coverage  suggests  puta¬ 
tive  biomarkers  that  may  exhibit  significant  differences 
in  protein  concentration  between  naive  and  injured  .sam¬ 
ples.  However,  protein  sequence  coverage  is  only  a  semi- 
quantitative  measure  of  protein  concentration.  This  is  par¬ 
ticularly  tnic  for  protein  identifications  based  on  single 


ti7ptic  peptide  sequences,  and  it  is  even  more  pronounced 
for  degraded  proteins.  However,  proteins  observed  only 
in  naive  samples,  or  proteins  observed  with  greater  se¬ 
quence  coverage  in  naive  samples  than  in  injured  sain- 
ples,  sugge.st  a  subset  of  putative  biomarkers  that  afe 
down-regulated,  released,  or  degraded  during  TBl,  for  ek- 
ample,  (all-spectrin  (Pike  et  ah,  2(K)2),  MAP2  (Huh  et  i 
al.,  2003),  NF  (Posmantur  et  al.,  1996,  1998)  and  Pljp  i 
(Banik  et  al.,  1985;  Doman.ska-Janik  et  al.,  1992).  Likje- 
wi.se,  proteins  observed  only  in  injured  samples,  or  pro¬ 
teins  observed  with  greater  sequence  coverage  in  injured 
samples  than  in  naive  samples,  suggest  a  subset  of  putji- 
ti  ve  biomarkers  that  are  up-regulated,  accumulated,  or  ag¬ 
gregated  during  TBl,  for  example,  NSE  (Varma  et  afl., 
2003),  amyloid  precursor  protein,  amyloid  /3  1-42,  tau 
(Franz  et  al.,  2003),  and  a-Syn  (Uryu  et  al.,  2003;  Bram- 
lett  and  Dietrich  2003;  Newell  et  al.,  1999;  Smith  et  al., 
2003).  Since  the  fragments  of  degraded  proteins,  for  cx- 
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ample,  breakdown  products  of  all-spectrin  (Pike  el  al., 
2CX)2)  may  also  be  observed,  it  is  important  to  relate  Mr. 
calc  to  Mrobs  for  putative  protein  biomarkers  of  TBI. 

In  order  to  evaluate  whether  any  of  our  biomarkers 
were  fragments  of  degraded  proteins  rather  than  intact 
proteins,  we  perfonned  differential  proteomic  analysis  as 
a  function  of  MfObs.  Degraded  protein  biomarkers  may 
not  be  revealed  by  differences  in  protein  sequence  cov¬ 
erage  using  current  differential  proteomic  analysis  tools, 
even  when  proteins  are  separated  prior  to  in  vitro  prote¬ 
olysis  and  capillary  LC-MS-,  because  MrObs,  which  is 
encoded  in  SDS-PAGE-Capillary  LC-MS-  data,  may  not 
be  preserved  during  data  reduction.  For  example,  MBP 
was  identified  by  database  .searching  (M^alc  =  27  kDa) 
in  both  naive  and  injured  samples  with  a  sequence  cov¬ 
erage  of  1.^.6%,  incorrectly  suggesting  that  it  is  not  a  pu¬ 
tative  biomarker  of  TBI.  However,  the  vertical  line  in 
Figure  2  illustrates  that  MBP  was  observed  in  gel  slices 
35^1  (MfObs  ~  27  kDa  to  10  kDa,  respectively)  in 
injured  (and  not  naive)  samples,  sugge.siing  possible 
degradation,  as  confirmed  by  Western  blot  (Liu  et  al.,  un¬ 
published  observations). 


fibrillary  acidic  protein  (GFAP)  was  observed  only  in 
naive  samples,  the  classification  of  putative  protein  bio- 
markers  of  TBI,  combined  with  differential  analysis 
methods  such  as  this  one,  provides  direction  for  bio¬ 
marker  research. 

Prel imimiry  Veil idcition 

The  relative  concentration  of  several  putative  protein 
biomarkers  of  TBI  was  investigated  by  targeted  capillary 
LC-MS-  (Haskins  et  al.,  2001)  of  .selected  tryptic  pep¬ 
tides  (I-ig.  4).  Two-  to  ten-fold  changes  in  tryptic  peptide 
concentration  for  injured  versus  naive  samples  refiecl  the 
semi-quantitative  differences  in  protein  sequence  cover¬ 
age  observed.  For  example,  glutamate  dehydrogenase 
(memory  related  gene  2),  shown  in  Figure  .SC,  was  ~  10- 
fold  higher  in  injured  samples  than  in  naive  samples:  cor¬ 
responding  to  2.9%  protein  sequence  coverage  in  injured 
samples  and  0.0%  protein  sequence  coverage  in  naive 
samples  (i.e.,  no  tryptic  peptides  were  observed  in  naive 
samples).  A  high  yield  of  sequence-specific  b-  and  y-lype 
product  ions  was  observed  following  isolation  and  frag¬ 
mentation  of  selected  tryptic  precursor  ions  by  collision- 
induced  dissociation.  Absolute  quantification  (AQUA) 


Classification  of  Putative  Protein  Biomarkers 
of  TBI  ’ 

Stratification  of  the  putative  protein  biomarkers  dis¬ 
covered  in  this  work,  based  on  function  and  distribution, 
suggests  several  classes  of  proteins  arc  of  interest  (Figs. 
3  and  4).  Careful  examination  of  the  fraction  of  proteins 
from  each  class  that  were  observed  in  naive  only,  injured 
only,  and  both  naive  and  injured  samples  highlights  the 
most  promising  classes  for  biomarkers  of  TBI.  For  ex¬ 
ample,  Figure  3  shows  that  10%  of  the  putative  bio¬ 
markers  observed  only  in  injured  samples  were  neuronal 
proteins  including:  PLP,  Syn  {a  and  j3),  NSE,  NF  (light 
and  heavy),  synapsin  (1  and  II),  vesicle  associated  mem¬ 
brane  protein  1,  and  apolipoprotcin  E.  Other  promising 
classes  of  biomarkers  observed  only  in  injured  samples 
include  heat  shock  proteins  (e.g.,  chaperonin  10)  and  ki¬ 
nases  (e.g.,  calcium/calmodulin  protein  kinase  II).  These 
observations  are  reflected  by  peaks  in  the  line  plot  shown 
in  Figure  4.  Thus,  neuronal  proteins,  heat  shock  proteins, 
and  kinases  are  a  promising  class  of  biomarkers  that  are 
up-regulated,  accumulated,  or  aggregated  during  TBI.  In 
contrast,  the  valley  for  dehydrogenases  (e.g.,  lactate  de- 
hydrogena.se)  only  in  naive  samples  indicates  a  promis¬ 
ing  class  of  biomarkers  that  arc  down-regulated,  released, 
or  degraded.  A  complete  discussion  of  the  putative  pro¬ 
tein  biomarkers  discovered  in  this  work  is  beyond  the 
N^ope  of  this  paper.  While  .some  ambiguity  is  exp^ted, 
for  example,  glutamate  dehydrogenase  was  oWei"vcd 
only  in  injured  samples  while  the  neuronal  protein  glial 


(Gerber  et  al.,  2(X)3)  of  these  proteins  can  be  readily 
achieved  by  incorporating  an  isotopically  labeled  tryptic 
peptide  as  an  internal  standard  during  trypsin  digestion 
(publication  in  preparation).  Assuming  that  the  analyti¬ 
cal  variability  exceeds  the  biological  variability  in  pooled 
.samples  such  as  these,  a  false-positive  rate  as  high  as  30% 
is  expected  for  data-dependent  capillary  LC-MS-  of  com¬ 
plex  mixtures  (unpublished  work).  While  only  a  29% 
overlap  of  proteins  conserved  between  naive  and  injured 
samples  underscores  the  need  for  higher-resolution  pro¬ 
tein  separation  methods,  this  must  be  balanced  with  the 
need  for  faster  results.  Indeed,  preliminary  validation  of 
biomarkers  is  a  significant  bottleneck  for  protcomics  as 
the  speed  of  discovery  continues  to  outpace  the  speed  of 
validation  (Bodovitz  and  Joos,  2004). 

Comparison  with  Previous  Work 

This  is  the  first  report  of  SDS-PAGE-Capillary 
LC-MS-  for  biomarker  discovery.  Several  of  the  puta¬ 
tive  protein  biomarkers  described  herein  at  48  h  post-in- 
jury  were  suggested  previously  by  a  microarray-  and 
'  RNA-ba.sed  gene  expression  experiment  (Matzilevich  et 
al.,  2002)  In  10  oligonucleotide  array  pairs,  261  of  88(X) 
genes  were  significantly  affected  at  24  h  post-injury,  in¬ 
cluding  NF  (light),  MAP2,  GFAP,  and  beta-tubulin. 

More  recently,  a  proteomics  approach  using  2D  gels 
and  database  searching  of  2D  gel  images  (Fountoulakis 
et  al.,  1999a)  al  24  h  post-injury  was  presented  (Jenkins 
et  al.,  2002).  In  that  work.  50  (<95  kDa  proteins)  of 
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FIG.  3.  Slratification  of  the  pu¬ 
tative  protein  biomarkers  discov¬ 
ered  in  injured  hippix'ampus 
only.  Protein  class,  number  of 
proteins,  fraction  of  protein  bio¬ 
markers.  Proteins  were  sorted 
into  clas.ses  based  on  function 
and  localization  with  increas¬ 
ingly  stringent  .specificity:  blexxi. 
brain  <  membrane  <  nuclear  < 
cytoskeletal  <  dehydrogenase, 
enolase.  clock,  G-protcin,  heat 
shock,  i.somcrase,  kinase,  mono¬ 
oxygenase,  phosphatase,  reduc- 
ta.se  <  .synthase  <  lysosomal, 
mitochondrial  <  neuronal. 


FIG.  4.  .Stratification  of  putative  protein  biomarkers  discovered  in  naive  only,  injured  only,  and  botli  naive  and  injured  hippocampal 
samples.  The  fractions  of  biomarkers  in  “Naive  Only"  (light  grey  columns),  “Injured  Only”  (dark  grey),  and  both  “Naive  and  In¬ 
jured”  samples  (black),  were  plotted  again.st  each  function  and  ItKalizalion  class.  In  addition,  the  difference  in  tlie  fraction  between 
the  “Injured  Only"  group  and  the  “Naive  Only”  group  was  plotted  as  a  line  graph  on  the  same  scale.  Peaks  in  the  line  plot  suggest 
classes  of  proteins  that  are  elevated,  uprcgulatcd,  or  aggregated  (e.g..  neuronal,  kinase)  in  injured  hippocampus,  while  valleys  in  the 
line  plot  are  those  that  are  down-regulated,  relea.sed,  or  degraded  (e.g.,  dehydrogenase)  in  injured  hippocampus. 
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(C),  and  DLAALGDKVNSLGETAQR  (D),  respectively. 
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~15()()  protein  spots  were  tentatively  identified  by 
matching  the  2D  gel-derived  molecular  masses  and  iso¬ 
electric  points  of  the  protein  spots  with  a  rat  brain  data¬ 
base  of  210  proteins.  However,  only  six  putative  protein 
biomarkers  were  revealed  by  significant  changes  across 
six  of  six  gel  pairs  (individual  rather  than  pooled  sam¬ 
ples).  Interestingly,  an  increase  in  the  mitochondrial  pro¬ 
tein  Cu/Zn  superoxide  dismuta.se,  and  a  decrea.se  in  the 
cytoskeletal  proteins  a-  and  )3-tubulin,  were  also  ob¬ 
served  in  this  work. 

Confidence  in  previously  reported  putative  biomark¬ 
ers  is  significantly  strengthened  by  sequence-specific  di.s- 
covery  of  these  proteins  by  SDS-PAGE-Capillary 
LC-MS-.  Protease-specific  peptide  sequences  provide  a 
means  to  unambiguously  identify  putative  protein  bio- 
markers  and  various  PTMs  (e.g.,  degradation)  from  large 
protein  databases  (e.g.,  RefSeq  785,143  sequences) 
(Pruitt  and  Maglott,  2001).  In  contrast,  microarray  ex¬ 
periments  suffer  from  our  incomplete  understanding  of 
the  interaction  between  transcription  and  translation;  that 
is,  RNA  levels  do  not  accurately  reflect  protein  levels, 
and  database  searching  of  2D  gel  images  suffers  from  a 
low  success  rate  for  protein  identification.  Despite  the 
limitations  of  these  techniques,  the  unambiguous  identi¬ 
fication  of  several  previously  reported  putative  biomark- 
ers  by  SDS-PAGE-Capillary  LC-MS’  provides  evidence 
for  the  validity  of  this  approach  to  biomarker  discovery. 


DISCUSSION 

Using  differential  proteomic  analysis,  we  revealed  dif¬ 
ferences  in  protein  sequence  coverage  for  170  mam¬ 
malian  proteins  (57  in  naive  only,  74  in  injured  only,  and 
39  of  64  in  both).  Our  data  suggest  that  these  are  puta¬ 
tive  biomarkers  of  TBl  in  hippocampus  tissue,  as  these 
are  expected  to  either  accumulate  in  the  CSF  and  blood, 
or  form  aggregate  in  the  extracellular  compartment  of  the 
brain.  However,  we  must  further  establish  if  these  mark¬ 
ers  can  distinguish  TBI  from  various  other  brain  diseases, 
and  the  kinetics  for  their  degradation  and  clearance  from 
tissue  to  CSF  and  blood  must  be  favorable  in  order  to  ob¬ 
tain  reliable  indicators  of  injury  severity.  A  subset  of  the 
putative  protein  biomarkers  of  TBI  described  herein,  par¬ 
ticularly  the  neuronal  proteins,  are  expected  to  meet  these 
criteria  for  biomarker  validation.  In  the  meantime,  the.se 
biomarkers  may  also  find  use  in  the  laboratory  setting. 
For  example.  )33-tubulin  and  GFAP  are  used  to  distin¬ 
guish  neuronal  differentiation  in  .stem  cell  research  (Ko- 
rnbliim  and  Geschwind,  2001 ).  Lastly,  this  work  provides 
proof-of-principle  for  more  rapid  and  comprehensive  se¬ 
quence-specific  biomarker  discovery  strategies  incorpo¬ 
rating  protein  separation  prior  to  capillary  LC-M,S-. 
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Abstract 

Recent  studies  have  demonstrated  that  the  downstream 
caspases,  such  as  caspase  3,  act  as  executors  of  the 
apoptotic  cascade  after  traumatic  brain  injury  (TBI)  in  vivo. 
However,  little  is  known  about  the  involvement  of  caspases  in 
the  initiation  phase  of  apoptosis,  and  the  interaction  between 
these  initiator  caspases  (e.g.  caspase  8)  and  executor 
caspases  after  experimental  brain  injuries  in  vitro  and  in  vivo. 
This  study  investigated  the  temporal  expression  and  cell 
subtype  distribution  of  procaspase  8  and  cleaved  caspase  8 
p20  from  1  h  to  14  days  after  cortical  impact-induced  TBI  in 
rats.  Caspase  8  messenger  RNA  levels,  estimated  by  semi- 
quantitaive  RT-PCR,  were  elevated  from  1  h  to  72  h  in  the 
traumatized  cortex.  Western  blotting  revealed  increased 
immunoreactivity  for  procaspase  8  and  the  proteolytically 
active  subunit  of  caspase  8,  p20,  in  the  ipsilateral  cortex 
from  6  to  72  h  after  injury,  with  a  peak  at  24  h  after  TBI. 
Similar  to  our  previous  studies,  immunoreactivity  for  the  pi 8 
fragment  of  activated  caspase  3  also  increased  in  the  current 
study  from  6  to  72  h  after  TBI,  but  peaked  at  a  later  timepoint 
(48  h)  as  compared  with  proteolyzed  caspase  8  p20.  Immuno- 


histologic  examinations  revealed  increased  expression  of 
caspase  8  in  neurons,  astrocytes  and  oligodendrocytes.  Assess¬ 
ment  of  DNA  damage  using  TUNEL  identified  caspase  8-  and 
caspase  3-immunopositive  ceils  with  apoptotic-like  morphol¬ 
ogy  in  the  cortex  ipsilateral  to  the  injury  site,  and  immunohis- 
tochemical  investigations  of  caspase  8  and  activated 
caspase  3  revealed  expression  of  both  proteases  in  cortical 
layers  2-5  after  TBI.  Quantitative  analysis  revealed  that  the 
number  of  caspase  8  positive  cells  exceeds  the  number  of 
caspase  3  expressing  cells  up  to  24  h  after  impact  injury.  In 
contrast,  no  evidence  of  caspase  8  and  caspase  3  activation 
was  seen  in  the  ipsilateral  hippocampus,  contralateral  cortex 
and  hippocampus  up  to  14  days  after  the  impact.  Our  results 
provide  the  first  evidence  of  caspase  8  activation  after 
experimental  TBI  and  suggest  that  this  may  occur  in  neurons, 
astrocytes  and  oligodendrocytes.  Our  findings  also  suggest  a 
contributory  role  of  caspase  8  activation  to  caspase  3 
mediated  apoptotic  cell  death  after  experimental  TBI  in  vivo. 
Keywords:  apoptosis,  astrocyte,  caspase  8,  neuron,  oligo¬ 
dendrocyte,  traumatic  brain  injury. 

J.  Neurochem.  (2001)  78,  862-873. 


Traumatically  evoked  brain  injury  is  a  major  cause  of 
morbidity  and  mortality  (Thurman  et  al.  1999).  Studies  over 
the  last  two  decades  have  demonstrated  that  a  significant 
amount  of  CNS  damage  after  traumatic  brain  injury  (TBI) 
occurs  as  a  result  of  secondary  autodestructive  insults 
(Hayes  et  al.  1992;  Faden  1996;  McIntosh  et  al.  1998). 
Secondary  injury  involves  a  complex  cascade  of  biochemi¬ 
cal  events  that  contributes  to  delayed  tissue  damage  and  cell 
death  (Kermer  et  al.  1999;  Graham  et  al.  2000).  Importantly, 
recent  research  reported  on  a  potential  role  for  apoptosis  in 
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cell  degeneration  after  cerebral  and  spinal  cord  ischemia 
(Nitatori  et  al.  1995;  Kato  et  al.  1997;  Charriaut-Marlangue 
etal.  1998),  traumatic  spinal  cord  injury  (Crowe  etal.  1997; 
Liu  et  al.  1997),  and  TBI  in  vitro  (Shah  et  al.  1997;  Pike 
et  al.  2000)  and  in  vivo  (Rink  et  al.  1995;  Conti  et  al.  1998; 
Newcomb  et  al.  1999;  Beer  et  al.  2000b). 

Although  a  potential  role  for  apoptosis  in  neuronal  and 
glial  cell  damage  after  TBI  has  been  suggested,  little  is 
known  about  the  molecular  mechanisms  involved.  However, 
recent  evidence  implicates  a  distinct  class  of  proteases, 
referred  to  as  caspases.  So  far,  14  mammalian  caspases  have 
been  described  (Nicholson  1999).  Ba.sed  on  their  proteolytic 
specifities,  caspases  further  divide  into  three  groups:  the 
inflammatory  caspa.ses  (e.g.  caspase  1),  which  mediate  cyto¬ 
kine  maturation  (Cerretti  et  al.  1992);  the  caspases  involved 
in  apoptotic  cell  death,  which  segregate  into  initiator 
enzymes,  such  as  caspase  8  and  caspase  9;  executioner 
caspases,  such  as  caspase  3  (Cohen  1997;  Cryns  and  Yuan 
1998).  Caspases  are  synthesized  as  inactive  pro-enzymes 
that  contain  three  domains  (Nicholson  1999),  an  N-terminal 
prodomain  (approximately  3-24  kDa),  a  large  subunit 
(approximately  17-21  kDa)  and  a  small  subunit  (approxi¬ 
mately  10-13  kDa).  Depending  on  the  cell  type,  procaspases 
have  been  shown  to  reside  in  various  subcellular  localizations 
(Qin  et  al.  2001;  Shikama  2001)  and  are  activated  through 
proteolytic  processing  and  association  of  the  large  and  small 
subunits  to  form  a  catalytic  heterotetramer  (Walker  et  al. 
1994). 

Activation  of  the  executioner  caspase  3  has  been  shown 
in  numerous  chronic  and  acute  disorders  of  the  nervous 
system.  For  example,  caspase  3  processing  has  been  demon¬ 
strated  in  Alzheimer’s  (Stadelmann  et  al.  1999;  Khan  et  al. 
2000)  and  Parkinson’s  disease  (Mogi  et  al.  2000).  Further, 
caspase  3  mediated  neuronal  and  glial  cell  degeneration  has 
been  found  in  experimental  models  of  cerebral  and  spinal 
cord  ischemia  (Hayashi  et  al.  1998;  Namura  et  al.  1998)  and 
spinal  cord  injury  (Springer  et  al.  1999).  Importantly,  recent 
data  have  also  sugge.sted  a  contributory  role  for  activated 
caspase  3  in  apoptotic  degeneration  of  neurons,  astrocytes 
and  oligodendrocytes  after  TBI  in  vivo  (Yakovlev  et  al. 
1997;  Beer  et  al.  2000b;  Clark  et  al.  2000). 

Current  evidence  also  indicates  that  in  receptor-triggered 
apoptosis  the  main  pathway  for  caspase  3  activation  is  direct 
activation  by  caspase  8  (Scaffidi  etal.  1998;  Stennicke  etal. 
1998).  Importantly,  recent  data  suggest  that  receptor- 
mediated  apoptosis  indeed  occurs  in  acute  CNS  injuries 
(Ertel  et  al.  1997;  Felderhoff-Mueser  et  al.  2000).  For 
example,  increased  expression  of  Fas  and  caspase  8  has 
been  shown  after  experimental  spinal  cord  ischemia 
(Matsushita  et  al.  2000).  In  addition,  increased  Fas  and 
Fas  ligand  immunoreactivity  (Beer  et  al.  2000a)  and 
caspase  3  activation  have  been  reported  following  TBI  in 
the  rat  (Beer  et  al.  2000b;  Clark  et  al.  2000),  suggesting  a 
putative  link  between  the  activation  of  caspase  8  and 


caspase  3  after  TBI  in  vivo.  However,  to  our  knowledge 
no  study  to  date  has  concurrently  investigated  changes  in  the 
expression  and  activity  of  both  caspa.se  8  and  caspase  3  in 
trauma-induced  CNS  degeneration. 

To  further  inve.stigate  potential  changes  of  caspase  8  and 
caspase  3  expression  after  experimental  TBI,  rodents  were 
.subjected  to  a  widely  used  model  of  experimental  brain 
injury:  lateral  cortical  impact  injury  (Dixon  et  al.  1991; 
Franz  et  al.  1999;  Beer  et  al.  2000a,b).  The  present  study 
employed  semiquantitative  RT-PCR  and  western  blot  ana¬ 
lyses  of  procaspase  8,  cleaved  caspa.se  8  p20,  and  processed 
caspase  3  to  determine  the  relative  temporal  profile  of 
caspase  8  to  caspase  3  expression  and  activation  from  1  h  to 
14  days  after  experimental  TBI.  Immunohistochemical 
examinations  were  performed  to  investigate  the  cell  subtype 
distribution  of  caspase  8  after  impact  injury  in  vivo.  Further, 
TUNEL  was  used  to  as.sess  whether  caspase  8  and  caspase  3 
immunopositive  cells  exhibit  morphological  features  of 
DNA  damage  consistent  with  apoptotic  phenotype  after  TBI 
in  the  rat. 

Materials  and  methods 

Rat  model  of  traumatic  brain  injury 

A  controlled  cortical  impact  device  was  used  to  induce  a  moderate 
level  of  TBI,  as  previously  described  (Dixon  et  al.  1991;  Franz  et  al. 
1999).  In  brief,  adult  male  Sprague-Dawley  rats  (250-350  g)  were 
intubated  and  anesthesized  with  2%  halothane  in  a  2  ;  1  mixture  of 
N2O/O2.  Core  body  temperature  was  monitored  continuously  using 
a  rectal  thermistor  probe  and  maintained  at  36.5-37. 5°C  by  a 
heating  pad.  Animals  were  mounted  in  a  stereotaxic  frame  on  the 
injury  device  in  a  prone  position  secured  by  ear  and  incisor  bars.  A 
midline  incision  was  made,  the  soft  tissues  were  reflected,  and  two 
7-mm  craniotomies  were  made  adjacent  to  the  central  suture, 
midway  between  lambda  and  bregma.  The  dura  was  kept  intact  over 
the  cortex.  Injury  was  induced  by  impacting  the  right  (ipsilateral) 
cortex  with  a  6-mm  diameter  aluminum  tip  at  a  rate  of  4  m/s.  The 
injury  device  was  .set  to  produce  a  tissue  deformation  of  2  mm. 
Impact  velocity  was  measured  directly  by  a  linear  variable  differ¬ 
ential  transformer  (Shaevitz  Model  500  HR;  Shaevitz,  Detroit,  MI, 
USA),  which  produces  an  analog  signal  that  was  recorded  by  a  PC- 
based  data  acquisition  system  for  analysis  of  time/displacement 
parameters  of  the  impactor.  This  magnitude  of  injury  has  pre¬ 
viously  been  as.sociated  with  significant  cell  degeneration  restricted 
to  the  contusion  site  (Franz  et  al.  1999;  Beer  et  al.  2(XX)a,b).  After 
trauma,  animals  were  extubated  and  immediately  a.ssessed  for 
recovery  of  reflexes  (Dixon  et  al.  1991).  Sham-injured  animals 
underwent  identical  surgical  procedures  but  did  not  receive  impact 
injury.  Naive  animals  were  not  exposed  to  any  injury-related 
surgical  procedures.  Ninety  animals  were  used  in  this  study  (naive 
rats,  n  =  10;  sham-injured  rats,  n  =  12;  injured  rats,  n  =  68). 
Animal  care  and  experimental  protocols  complied  with  the  guide¬ 
lines  outlined  in  the  Guide  for  the  Care  and  Use  of  Laboratory 
Animals,  Austrian  Department  of  Health  and  Science,  and  were 
approved  by  the  University  of  Inn.sbruck  Medical  School  Animal 
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Table  1  Systemic  parameters 


Prior  to  craniotomy 
(n=20) 

Post  surgery 

sham  {n  =  4) 

— 

injured  (n  =  16) 

MABP  (mmHg) 

101  ±  5 

97  +  8 

103  +  6 

pH 

7.46  ±  0.01 

7.43  ±  0.02 

7.44  ±  0.02 

Pa02  (mmHg) 

142  ±  4 

79  ±  12 

85  ±  9 

PaCOj  (mmHg) 

43  ±  6 

41  ±  3 

42  +  5 

Rectal  temperature  (°C) 

37.1  ±  0.2 

37.3  ±  0.2 

36.9  ±  0.1 

Values  are  mean  ±  SD;  MABP,  mean  arterial  blood  pressure. 


Welfare  Committee.  Importantly,  all  efforts  were  made  to  minimize 
animal  suffering  and  to  reduce  the  number  of  animals  used. 

Assessment  of  physiologic  parameters 

In  a  subgroup  of  animals  (sham-injured  rats,  n  =  4;  injured  rats, 
n  =  16)  systemic  parameters  were  monitored  as  described  by 
Dixon  et  al.  (1991).  Briefly,  a  22-gauge  Teflon  catheter  was 
advanced  into  the  abdominal  aorta  through  a  left  femoral 
arteriotomy  for  arterial  blood  pressure  measurement  and  arterial 
blood  sampling.  Blood  samples  (100  p,L)  were  analyzed  for  pH, 
arterial  oxygen  pressure  (PaO^),  and  arterial  pressure  of  carbon 
dioxide  (PaC02),  (Table  1)  using  an  AVL  Omni  4  (Diamond 
Diagnostics,  Holli.ston,  MA,  USA)  blood  gas  analyzer  before 
craniotomy  and  5  min  after  surgery.  All  parameters  were  within  the 
normal  physiological  range  (Table  1)  (Krinke  2000). 

Sample  preparation 

All  animals  were  given  a  lethal  dose  of  phenobarbital  intra- 
peritoneally  (20  mg/kg;  Tyrol  Pharma,  Kundl,  Austria)  and 
subsequently  killed  by  decapitation  6  h,  24  h,  48  h,  72  h,  7  days 
and  14  days  after  TBl  (n  =  4  for  each  time  after  injury,  n  =  4  for 
naive  and  sham-injured  animals).  Both  cortices  and  hippcKampi 
(ipsilateral  and  contralateral  to  the  injury  site)  were  removed. 
Excision  of  both  cortices  beneath  the  craniotomies  extended 
~4-mm  laterally,  ~7-mm  rostrocaudally,  and  to  a  depth  extending 
to  the  white  matter.  All  samples  were  immediately  frozen  in  liquid 
nitrogen.  The  microdissected  tissue  was  homogenized  at  4'’C  in 
ice-cold  homogenization  buffer  containing  20  mM  piperazine-tVJV'- 
bis(2-ethanesulfonic  acid)  (pH  7.1),  2  mM  EGTA,  1  mM  EDTA, 
1  HIM  dithiothreitol,  0.3  mM  phenylmethylsulfonylfluoride  (PMSF), 
and  0.1  mM  leupeptin.  Chelators  and  protease  inhibitors  (Sigma, 
St  Louis,  MO,  USA)  were  added  to  prevent  endogenous  in  vitro 
activation  of  proteases  and  subsequent  artifactual  degradation  of 
caspase  8  and  caspase  3  during  tissue  processing. 

Sodium  dodecyl  .sulfate-polyacrylamide  gel  electrophoresis, 
immunoblotting  and  quantification 

Protein  concentrations  were  detemiined  by  bicinchoninic  acid 
raicroprotein  assay  (Sigma)  with  albumin  standards.  Protein- 
balanced  samples  were  prepared  for  polyacrylamide  gel  electro¬ 
phoresis  in  two-fold  loading  buffer  containing  0.25  m  Tris 
(pH  6.8),  0.2  M  dithiothreitol,  2%  sodium  dodecyl  sulfate,  0.005% 
bromophenol  blue  and  5%  glycerol  in  distilled  water.  Samples  were 
heated  for  5  min  at  95°C.  Sixty  micrograms  of  protein  per  lane  was 


routinely  resolved  on  16%  Tris/glycine  gels  (Invitrogen,  Groningen, 
the  Netherlands).  After  separation,  proteins  were  transferred  to 
nitrocellulose  membranes  using  western  blotting  with  transfer 
buffer  made  up  of  0.192  m  glycine  and  0.025  m  Tris  (pH  8.3). 
Coomassie  blue  (Bio-Rad,  Hercules,  CA,  USA)  and  Ponceau  red 
(Sigma)  stainings  were  perfonned  to  confirm  that  equal  amounts  of 
protein  were  loaded  in  each  lane.  Five  percent  non-fat  milk  in 
pho.sphate  buffered  .saline  (PBS)  with  0.05%  Tween  20  was  used  to 
reduce  non-specific  binding.  Immunoblots  were  probed  with  either 
a  mou.se  monoclonal  antibody  (Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA,  USA),  reacting  with  the  p20  subunit  and  precursor  of 
caspase  8,  diluted  1  ;  1000,  or  a  rabbit  polyclonal  antiserum  (CMl; 
IDUN  Pharmaceuticals,  La  Jolla,  CA,  USA;  dilution  1  :  5000), 
directed  against  the  pl8  subunit  of  activated  caspase  3.  Specifity 
and  .sensitivity  of  CMl  has  been  described  in  detail  in  previous 
investigations  (Namura  et  al.  1998;  Sriniva.san  et  al.  1998;  Beer 
et  al.  2000b).  After  incubation  with  primary  antibodies  overnight  at 
4°C,  nitrocellulose  membranes  (Amersham  Pharmacia  Biotech, 
Uppsala,  Sweden)  were  incubated  with  .secondary  antibodies  linked 
to  horseradish  peroxidase  (Amersham  Pharmacia  Biotech)  for  1  h 
at  20°C  (automated  climate  control).  Enhanced  chemiluminescence 
reagents  (Amersham  Pharmacia  Biotech)  were  used  to  visualize  the 
immunolabeling  on  X-ray  film.  In  each  blot,  the  comstitutively 
expressed  protein  ot-tubulin  (Sigma)  was  used  as  an  internal 
standard  to  further  indicate  that  sample  processing  was  carried  out 
correctly. 

Semiquantitative  RT-PCR 

Total  RNA  was  isolated  from  frozen  ipsilateral  and  contralateral 
cortex  and  hippocampus  of  naive  (n  =  2),  .sham-injured  (n  =  4), 
and  injured  animals  (1  h,  6  h,  24  h,  48  h  and  72  h;  n  =  4  for  each 
time  point  after  injury)  with  Trizol  reagent  (Life  Technologies, 
Rockville,  MD,  USA).  Ten  micrograms  of  total  RNA  was  treated 
with  1  U  of  amplification  grade  DNase  I  (Life  Technologies)  to 
eliminate  residual  genomic  DNA  and  was  reverse  transcribed  into 
first-strand  cDNA  using  Superscript  II  reverse  transcriptase  (Life 
Technologies)  with  oligo(dT)  as  primer.  The  resulting  cDNAs  were 
diluted  to  100  p-L  and  subjected  to  PCR  analysis.  Each  PCR 
mixture  contained  equal  amounts  of  diluted  cDNA  corresponding 
to  200  ng  of  total  RNA,  100  pM  of  each  primer,  10  pM  dNTPs, 
onefold  Ampli-Taq  reaction  buffer  and  2.5  U  Ampli-Taq-Gold 
DNA  polymerase  (PE  Biosystems,  Foster  City,  CA,  USA).  All 
cDNAs  were  amplified  with  primers  specific  for  the  housekeeping 
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gene  glyceraldehyde-3-phosphale  dehydrogenase  (GAPDH;  Gen- 
Bank  Acc.  No.  X02231;  5'-CCCACGGCAAGTTCAACGG-3'  and 
5'-CTTTCCAGAGGGGCCATCCA),  and  caspase  8  (GenBank 
Acc.  No.  AF279308;  5'-ACTGGCTGCCCTCAAGTTCCTGTGC-3' 
and  5'-TCCCTCACCAnTCCTCTGGGCTGC-3').  PCR  amplifi¬ 
cation  was  carried  out  for  34  cycles  of  45  s  at  94'’C,  45  s  at  60°C, 
and  45  s  at  72°C,  followed  by  a  final  step  of  1 0  min  at  72°C  in  the 
UNO  II  Thermocycler  (Biomeira,  Gottingen,  Germany).  The  number 
of  cycles  and  reaction  temperature  conditions  were  optimized  to 
provide  a  linear  relationship  between  the  quantity  of  input  template 
and  the  quantity  of  PCR  product.  PCR  products  were  analyzed  by 
agarose  gel  electrophoresis  in  2%  NuSieve  agarose  gels  (FMC 
BioProducts,  Rockland,  ME,  USA)  and  visualiz.ed  by  ethidium- 
bromide  staining.  The  identity  of  the  PCR  products  obtained  was 
confirmed  by  Southern  blot  analysis  using  an  internal  oligonucleo¬ 
tide  as  hybridization  probe. 

Immunohistochemistry 

Prior  to  perfusion,  animals  from  all  treatment  groups  were  given  a 
lethal  injection  of  phenobarbital  (20  mg/kg  intraperitoneally).  Rats 
were  tran.scardially  perfused  through  the  left  ventricle  (120  mL  of 
0.9%  saline  and  200  mL  of  4%  paraformaldehyde)  at  6  h,  24  h, 
48  h,  72  h,  7  days  and  14  days  after  TBI  (n  =  4  for  each  time  point 
after  injury;  n  =  4  for  sham-injured  and  naive  animals).  The  brains 
were  removed,  grossly  sectioned  coronally  at  2-mm  intervals, 
processed  through  graded  alcohols  and  xylene  substitute  (Histo- 
clear;  National  Diagnostics,  Atlanta,  GA,  USA),  and  routinely 
embedded  in  paraffin.  Sections  were  cut  at  3-4  pirn  on  a  rotary 
microtome,  mounted  on  aminoalkylsilated  glass  slides,  and 
processed  for  immunohistochemistry  as  follows;  deparaffinized 
and  rehydrated  sections  were  microwaved  in  10  mM  sodium  citrate 
buffer,  pH  6.0,  and  allowed  to  cool  to  room  temperature. 
Endogenous  peroxidase  was  blocked  by  treatment  with  0.3% 
H2O2  in  methanol  followed  by  incubation  with  10%  fetal  calf 
serum  (ECS)  in  Tris-buffered  saline  (TBS)  for  60  min.  Rabbit 
polyclonal  antibodies  against  caspase  8  (The  Burnham  Institute,  La 
Jolla,  CA,  USA)  and  caspase  3  pl8  (IDUN  Phannaceuticals)  were 
diluted  1  ;  5(X)0  in  10%  ECS  and  permitted  to  bind  overnight  at 
4°C. 

Rabbit  antiserum  against  caspase  8  was  generated  as  previously 
described  (Krajewska  et  al.  1997)  using  recombinant  catalytic 
C-terminal  fragment  of  human  caspase  8  protein  using  construct 
pET15b  MGS  H(,-Ser216-TAA.  This  protein  was  expressed  in 
BL  21  (DE3)  cells  by  induction  with  1  imi  IPTG.  After  cell  growth 
and  lysis,  the  clarified  cell  ly.sate  was  applied  to  an  Ni-NTA  column 
and  eluted  with  an  imidazole  gradient.  The  pooled  ca.spase  8 
fractions  were  dialyzed  against  50  mM  Tris  at  pH  8.8  and  applied  to 
a  EPLC  Mono  Q  HR  10/10  column  (Amersham  Pharmacia 
Biotech)  and  eluted  with  an  NaCl  gradient.  New  Zealand  white 
female  rabbits  were  injected  subcutaneously  with  a  mixture  of 
recombinant  protein  (0.1-0.15  mg  protein  per  immunization)  and 
0.5  mL  Ereund’s  complete  adjuvant  with  the  dose  divided  over  10 
injection  sites,  and  then  boosted  three  times  at  weekly  intervals 
followed  by  another  3-20  boostings  at  monthly  intervals  with 
0.15  mg  each  of  recombinant  protein  immunogen  in  Ercund’s 
incomplete  adjuvant.  Antiserum  .specificity  was  confirmed  by  pre¬ 
absorption  with  full-length  or  fully  cleaved  caspa.se  8  protein, 
respectively.  This  polyclonal  antibody  reacts  with  the  unprocessed 
zymogen  form  of  ca.spa.se  8  and  detects  the  processed  large  subunit 


(p20)  of  active  caspase  8.  In  addition,  specificity  of  the  caspase  8 
antiserum  has  been  described  recently  (Stoka  et  al.  2001). 

Biotinylated  goat  anti-rabbit  (Vector  Laboratories.  Burlingame, 
CA,  USA)  was  then  applied  at  a  dilution  of  1  :  200  in  3%  rat  serum 
in  TBS  for  1  h  at  room  temperature  followed  by  avidin-peroxida.se 
(Sigma),  diluted  1  :  100  in  TBS,  also  for  1  h  at  room  temperature. 
The  reaction  was  visualized  by  treatment  with  0.05%  3,3'-diamino- 
benzidine  tetrahydrochloridc  solution  in  TBS  containing  0.05% 
H2O2.  The  color  reaction  was  stopped  with  several  washes  of  TBS. 
Immunostaining  results  were  confirmed  by  the  u.sc  of  pre-immune 
serum  from  the  same  animals  and  by  pre-absorption  of  the  poly¬ 
clonal  antibodies  with  the  relevant  protein. 

Eor  double  immunostaining  using  brightfield  chromagens,  sections 
were  pretreated  with  the  rabbit  polyclonal  antiserum  against 
caspa.se  8  as  described  above.  Sections  were  then  incubated  with 
a  mouse  anii-neuron-specific  nuclear  protein  (NeuN)  antibody 
(Wolf  et  at.  1996)  (Chemicon.  Temecula,  CA,  USA)  for  neuronal 
staining.  Eor  staining  of  a.strocytcs,  oligodendrocytes  and  micro¬ 
glia,  a  mou,se  anti-GEAP  (Debus  et  al.  1983)  (Roche  Molecular 
Biochemicals,  Mannheim,  Germany),  a  mou.se  anti-CNPa.se 
(Sprinkle  1989)  (Stemberger  Monoclonals  Inc.,  Lutherville.  MD, 
USA)  and  an  anti-EDl  monoclonal  antibody  (Graeber  et  al.  1990) 
(Serotec,  Kidlington,  Oxford,  UK)  were  used.  All  antibodies  were 
diluted  1  :  500  in  10%  PCS  in  TBS  and  allowed  to  bind  overnight 
at  4°C.  After  being  rin.sed,  .sections  were  incubated  with  a 
biotinylated  horse  anti-mouse  antibody  (Vector  Laboratories)  at  a 
dilution  of  1  :  200  for  1  h  at  room  temperature  followed  by 
incubation  with  an  alkaline  pho.sphata.se  avidin-biotin  substrate  and 
then  reaction  with  blue  chromagen  (Vector  Blue;  Vector  Labora¬ 
tories).  Sections  were  dehydrated  through  graded  ethanol,  cleared 
in  a  xylene  substitute  (Histoclear;  National  Diagnostics,  Atlanta, 
GA.  USA),  mounted  in  Permount  (Fisher  Scientific,  Nepean, 
Ontario,  Canada)  and  coverslipped.  Sections  without  primary 
antibodies  were  similarly  processed  to  control  for  binding  of  the 
secondary  antibodies.  On  control  sections  no  specific  immuno- 
reactivity  was  detected. 

lUstocheniical  detection  of  DNA  fragmentation  (terminal 
deoxynucleotidyl  transfera.se-mediated  deoxyuridinc-biotin 
nick  end  labeling) 

To  confirm  the  presence  of  cell  degeneration  by  an  apoptotic 
mechanism,  terminal  deoxynucleotidyl  transferase-mediated  deoxy- 
uridine-biotin  nick  end  labeling  (TUNEL)  was  performed  as 
described  by  Gavrieli  et  al.  (1992)  with  minor  modifications. 
Briefly,  for  double-label  experiments,  dewaxed  and  rehydrated 
sections  of  all  animal  groups  from  regions  between  —  1.5  and 
—  3.4  mm  bregma  were  stained  with  primary  and  secondary  anti¬ 
sera  as  de.scribed  earlier.  Immunohistochemical  staining  was 
visualized  by  exposure  to  3-amino-9-ethylcarbazole  in  NJ^'- 
dimethylfonnamide  (Sigma).  Sections  were  then  rinsed  thoroughly 
and  incubated  with  labeling  mix  (TdT  buffer  containing  100  U/mL 
TdT  and  20  nM/mL  biotin-conjugated  16  deoxy uridine)  in  a 
humidified  chamber  for  60  min  at  37°C.  After  three  washes  in 
TBS,  slides  were  incubated  in  Converter  alkaline  pho.sphatase  for 
15  min  in  a  humidified  chiunber  at  37°C.  All  reagents  were 
purchased  from  Roche  Molecular  Biochemicals.  The  reaction  was 
visualized  by  treatment  for  3  min  with  5-bromo-4-chloro-3-indolyl 
phosphate/nitro  blue  tetrazolium  substrate  sy.stem  (Dako  Corpora¬ 
tion,  Carpinteria,  CA,  USA).  Primary  antibody,  labeling  mix  or 
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secondary  antibody  were  omitted  in  control  sections.  Sections  were 
mounted  using  an  aqueous  mounting  fluid  (Dako  Corporation)  and 
examined  under  the  light  microscope. 

StatLstical  analysis 

Semiquantitative  evaluation  of  RT-PCR  band  density  and  of 
immunoreactivity  detected  by  western  blotting  was  performed 
using  computer-assisted  two-dimensional  densitometric  scanning 
with  a  Macintosh  computer  using  the  public  domain  NIH  Image 
program  (developed  at  the  US  National  Institutes  of  Health  and 
available  on  the  internet  at  http://rsb.info.nih.gov/nih-image/). 
Relative  band  densities  on  RT-PCR  and  we.stem  blots  (n  =  1/ 
blot)  were  expres.sed  as  arbitrary  densitometric  units  for  each  time 
point.  This  procedure  was  performed  for  the  data  of  four 
independent  experiments  for  a  total  of  four  different  animals  per 
time  point.  Data  acquired  in  arbitrary  densitometric  units  were 
transformed  to  percentages  of  the  densitometric  levels  observed  for 
scans  from  sham  animals  on  the  same  agarose  gel  (for  RT-PCR 
analysis)  and  .same  blot.  Group  differences  were  determined  by 
ANOVA  and  Tukey’s  post  hoc  honestly  significant  difference  (HSD) 
test.  Values  given  are  means  ±  .SD  of  four  independent  experi¬ 
ments.  Differences  were  considered  significant  when  p  <  0.05.  For 
quantitative  analysis  of  immunohistochemistry,  the  numbers  of 
caspase  8  and  caspase  3  positive  cells  of  three  non-consecutive 
.sections  (each  separated  by  at  least  50  pm)  of  four  different 
animals  for  each  time  point  were  counted  by  an  independent 
observer  in  the  entire  anatomic  regions  of  the  cortex  from  the 
primary  injury  zone  at  bregma  —  3.4  mm  ±  0.2  mm  (Paxinos  and 
Watson  1997)  using  light  microscopy  at  a  magnification  of  lOOx. 
The  total  number  of  caspase  8-  and  caspase  3-immunopositive  cells 
was  obtained  for  each  section.  Further,  the  numbers  of  cells  labeled 
with  anti-caspase  8  antibody  and  NcuN,  GFAP  and  CNPase  were 
counted  on  sections  (three  sections  per  animal)  processed  for 
double-label  immunohistochemistry.  Values  for  each  animal  (four 
animals  per  time  point)  were  averaged  to  calculate  the  mean 
number  of  immunopositive  cells  per  time  point  (6-72  h  after  TBI). 
Cell  counts  (ca.spase  8  vs.  caspa.se  3  and  double-labeled  neurons  vs. 
double-labeled  glia)  were  analyzed  with  anova  and  Bonferroni’s 
post  hoc  analysis  for  selected  pairs  of  columns.  Values  given  are 
means  i  SD  of  four  different  animals.  Differences  were  considered 
significant  when  p  s  0.05. 

Results 

Caspase  8  messenger  RNA  levels  increase  after  TBI 
Caspase  8  messenger  RNA  was  detected  by  semiquantita¬ 
tive  RT-rcR  analysis  in  cortical  and  hippocampal  samples 
(not  shown)  of  sham  and  injured  animals,  respectively 
(Fig.  1).  Cortical  impact  injury  resulted  in  an  increase  of 
caspase  8  messenger  RNA  levels  in  the  ipsilateral  cortex 
(Fig.  1).  Starting  at  1  h  after  injury,  a  significant  increase  in 
caspase  8  mes.senger  RNA  levels  was  ob.served.  Rising  rapidly, 
band  inteasity  reached  a  maximum  level  by  6  h  after  the 
trauma  (386%  increase  relative  to  sham  animals)  and  remained 
thereafter  at  a  steady-state  level  (332%  increase  relative  to 
sham  animals)  at  24  h  after  TBI.  Caspase  8  messenger  RNA 
levels  then  declined  thereafter  to  a  level  of  approximately 


sham  1  h  6  h  24  h  48  h  72  h 


GAPDH  — 


caspase-8  — 


time  after  injury 


Fig.  1  RT-PCR  analysis  of  caspase  8  mRNA  in  the  ipsilateral  cortex 
following  TBI.  Cortical  samples  of  single  control  animals  (sham)  and 
single  injured  animals  were  prepared  for  RT-PCR  at  the  indicated 
times  after  TBI  in  vivo.  Values  are  presented  as  percentages  of  the 
densitometric  levels  observed  on  scans  from  sham  animals  visual¬ 
ized  on  the  same  agarose  gel.  Data  are  mean  ±  SD  values  of  four 
independent  experiments.  Levels  of  caspase  8  mRNA  increased 
within  1  h  after  TBI  as  compared  with  controis.  Levels  of  caspase  8 
mRNA  peaked  at  6  h  after  TBI  and  remained  elevated  as  late  as 
72  h  after  the  injury.  ***p  <  0.001 . 


two-fold  (220%  increa.se  relative  to  sham  animals)  above 
controls  at  72  h  after  the  impact.  No  statistically  significant 
increases  in  caspase  8  mes.senger  RNA  levels  were  observed  in 
cortical  samples  contralateral  to  the  injury  site  and 
hippocampal  samples  ipsi-  and  contralateral  to  the  injury 
.site  from  1  h  to  72  h  after  the  impact  (data  not  shown). 

Proteolytic  processing  of  caspase  8  and  caspase  3  occurs 
after  TBI 

To  determine  whether  caspase  8  and  caspase  3  are  activated 
after  TBI,  brain  extracts  from  cortex  and  hippocampus  ipsi- 
and  contralateral  to  the  injury  site  were  examined  for  the 
expression  of  the  p55  subunit  (procaspase  8),  the  p20 
subunit  (processed  caspase  8)  and  of  the  pl8  subunit 
(cleaved  caspase  3)  by  western  blotting.  Cortical  impact 
injury  resulted  in  an  increase  of  p55  and  p20  caspase  8 
immunoreactivity  in  the  ipsilateral  cortex  (Fig.  2a).  The  p55 
and  p20  caspase  8  immunoreactivity  increased  within  6  h 
after  TBI  and  peaked  at  24  h  after  the  impact  (376% 
increa.se  relative  to  sham  animals  for  p55,  and  653% 
increa.se  as  compared  with  sham  animals  for  p20,  respec¬ 
tively),  declining  thereafter.  After  7  and  14  days,  no 
significant  increases  were  evident  in  the  p55  and  p20 
fragments  when  compared  with  levels  in  sham-injured 
control  animals.  Similar  to  a  previous  study  (Beer  et  al. 
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time  after  injury 
(caspase-8) 

Fig.  2  Time-course  of  caspase  8  (a)  and  caspase  3  pi  8  (b)  protein 
expression  after  TBI.  Samples  from  single  control  (sham)  and  single 
injured  animals  were  prepared  for  western  blotting  between  6  h  and 
14  days  after  TBI.  Levels  of  protein  are  expressed  as  arbitrary  den- 
sitometric  units.  Data  were  transformed  to  percentages  of  the  densito- 
metric  levels  observed  on  scans  from  sham  animals  visualized  on  the 
same  blot.  Values  given  are  mean  ±  SD  of  four  independent  experi¬ 
ments.  (a)  Ipsilateral  cortex;  immunoblots  demonstrated  that  procas- 
pase  8  (p55)  is  constitutively  expressed  in  sham-injured  brains. 
Following  TBI,  immunoreactivity  of  p55  (filled  bars)  ("p  <  0.01)  and 


time  after  injury 
(caspase-3  p18) 

p20  (processed  caspase  8;  open  bars)  C^^^p  <  0.001)  increased 
significantly  at  6  h  after  TBI  and  peaked  at  24  h  post  injury.  Immuno¬ 
reactivity  of  p55  Cp  <  0.05)  and  p20  (^'^''^p  <  0.001)  was  still  signif¬ 
icantly  increased  up  to  72  h  post  trauma,  (b)  Ipsilateral  cortex:  the 
proteolytically  active  pi  8  fragment  of  caspase  3  increased  signifi¬ 
cantly  within  6  h  after  TBI  (*p  <  0.05).  pi  8  immunoreactivity  peaked 
at  48  h  after  TBI  (**'p  <  0.001)  and  was  still  significantly  elevated  at 
72  h  after  impact  injury  (***p  <  0.001).  a-tubulin  was  used  as  an 
internal  standard. 


2000b),  immunoreactivity  for  activated  caspase  3  (pi  8) 
increased  within  6  h  after  TBI  in  the  traumatized  cortex 
(Fig.  2b).  However,  the  maximal  increa.se  of  pi 8  immuno¬ 
reactivity  was  .seen  at  later  times  (48  h  after  TBI;  2850% 
increa.se  relative  to  sham  animals),  when  compared  with 
caspase  8  p20.  Caspase  3  pi  8  immunoreactivity  then 
declined  to  a  2060%  increa.se  relative  to  sham  at  72  h 
after  TBI.  Similar  to  proteolyzed  caspase  8,  no  statistically 
significant  differences  in  caspase  3  pi 8  immunoreactivity 
were  observed  between  cortical  samples  ipsilateral  to  the 
injury  site  at  7  and  14  days  after  TBI  and  in  cortical  samples 
from  sham-injured  animals.  In  addition,  no  significant 
increases  in  p55,  p20  and  pl8  immunoreactivity  were  seen 
between  .sham  and  injured  animals  in  cortical  samples 
contralateral  to  the  injury  site  and  hippocampal  samples 
ipsi-  and  contralateral  to  the  injury  site  between  6  h  and 
14  days  after  TBI  (data  not  .shown). 

Caspase  8  is  expressed  in  traumatized  cortical  neurons, 
a.strocytes  and  oligodendrocytes 

Ipsilateral  and  contralateral  cortical  and  hippocampal  tissues 
were  examined  rostrocaudally  from  +  0.2  to  —  3.8  mm 


bregma.  No  caspa.se  8  immunoreactivity  was  present  in  the 
tissue  from  sham-injured  (Fig.  3a)  or  naive  (data  not  shown) 
control  rats.  Positive  immunoreactivity  for  caspase  8  was 
found  throughout  the  ipsilateral  cortex  at  the  primary  injury 
zone  (from  -  1.5  to  —  3.4  nun  bregma)  from  6  h  to  72  h 
after  the  trauma  (Figs  3b  and  c;  time  point  =  24  h  after 
TBI;  —  3.4  mm  bregma).  To  further  investigate  if  caspase  8 
is  expressed  in  glial  and/or  neuronal  cells,  we  performed 
double-labeling  experiments  for  caspase  8  using  the  neuro¬ 
nal  cell  specific  marker  NeuN,  the  astrocytic  marker  GFAP, 
the  microglial  marker  ED-1,  and  the  oligodendroglial 
marker  CNPase.  These  immunohistochemical  analyses 
of  caspase  8-positive  cells  from  6  to  72  h  after  TBI 
(Figs  3i-k;  time  point  =  24  h  after  trauma;  —  3.4  mm 
bregma)  identified  labeling  with  NeuN,  GFAP  and  CNPase, 
and  demonstrated  the  expression  of  caspase  8  in  cortical 
neurons  (Fig.  3i),  astrocytes  (Fig.  3j)  and  oligodendrocytes 
(Fig.  3k),  respectively.  Interestingly,  immunoreactivity  for 
caspase  8  was  observed  to  be  mainly  cytosolic  in  neurons 
(Figs  3g  and  i),  but  appeared  rather  nuclear  in  astrocytes 
(Fig.  3j)  and  oligodendrocytes  (Fig.  3k).  No  caspase  8 
immunoreactivity  was  detected  in  microglial  cells. 
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Fig.  3  Cell  subtype  distribution  of  cas- 
pase  8  in  the  traumatized  cortex  (-  3.4  mm 
bregma)  at  24  h  after  TBi.  Sham  injured 
brains  showed  no  specific  caspase  8  immu- 
nolabeling  (a).  Low  (b).  intermediate  (c)  and 
high  magnification  (g)  photomicrographs 
revealed  specific  caspase  8  expression  in 
the  ipsilateral  cortex  following  cortical 
impact  injury.  Cells  immunopositive  for  acti¬ 
vated  caspase  3  are  found  within  similar 
brain  regions  (d  and  h).  Double  immuno- 
staining  experiments  with  caspase  8  (brovm 
color;  i,  j  and  k)  and  NeuN  (blue  color;  i), 
GFAP  (blue  color;  j),  and  CNPase  (blue 
color;  k)  provided  evidence  that  caspase  8 
is  expressed  in  cortical  neurons  (i),  astro¬ 
cytes  (J),  and  oligodendrocytes  (k)  after  TBI. 
Magnifications:  (a)  and  (b),  40  x;  (c)  and 
(d),  lOOx;  (e),  20x:  (f),  40x;  (g-k),  lOOOx. 


Fig.  4  Appearance  of  caspase  8  and  processed  caspase  3  p1 8  in 
TUNEL-positive  cells.  Combined  immunohistochemistry  for  caspase  8 
(red  color;  a)  and  TUNEL  (dark  blue  color;  a)  (24  h  after  TBI)  and 
caspase  3  pi  8  (red  color;  b)  and  TUNEL  (dark  blue;  b)  (48  h  after 


TBI)  demonstrated  caspase  8  (a)  and  activated  caspase  3  (b)  in 
cells  with  gross  nuclear  apoptotic-like  morphology.  TUNEL-positive 
cells  exhibited  chromatin  condensation  and  nuclear  fragmentation 
(arrows).  Magnifications:  (a)  and  (b),  200x;  inserts,  lOOOx. 
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Fig.  5  Quantification  of  caspase  8  and  caspase  3  pi  8  positive  cells 
in  the  ipsilateral  cortex  after  TBI  (a)  and  quantification  of  caspase  8 
cell  subtype  staining  (b).  Cells  were  counted  in  the  entire  anatomic 
regions  of  the  cortex  at  the  primary  injury  zone  (bregma  -  3.4  mm), 
(a)  The  number  of  caspase  8  positive  cells  (filled  bars)  was  signifi¬ 
cantly  greater  than  that  of  caspase  3  pi  8  positive  cells  (open  bars) 
before  48  h  after  TBI.  (b)  Quantitative  analysis  was  conducted  of 
caspase  8  and  NeuN  (filled  bars),  caspase  8  and  GFAP  (hatched 
bars),  and  caspase  8  and  CNPase  (open  bars)  immunopositive 


time  after  injury 

cells.  Columns  indicate  double-labeled  neurons  (filled  bars),  double- 
labeled  astrocytes  (hatched  bars),  and  double-labeled  oligodendro¬ 
cytes  (open  bars)  as  percentages  of  caspase  8-positive  cells  from  6 
to  72  h  after  TBI.  Cell  counts  of  caspase  8-positive  neurons  were 
significantly  higher  as  compared  with  caspase  8-positive  glia  (i.e. 
astrocytes  and  oligodendrocytes  at  6,  24,  48  and  72  h  after  TBI, 
respectively).  Cell  counts  were  evaluated  by  anova  with  Bonferroni’s 
post  hoc  analysis  (**p<0.01,  "*p  <  0.001).  Values  given  are 
mean  ±  SD  of  four  different  animals  per  time  point. 


Caspase  8  immunoreactivity  was  absent  in  ipsilateral 
hippocampal  samples  (Fig.  3e)  and  contralateral  samples 
of  cortex  (Fig.  30  and  hippocampus  (data  not  shown)  at  all 
times  investigated. 

Ca.spa.se  8-  and  caspase  3-immunopositive  cells  exhibit 
nuclear  apoptotic-like  morphology 
To  verify  further  an  apoptotic  component  of  post-traumatic 
cell  death  and  to  support  the  possibility  that  caspase  8  and 
caspase  3  are  associated  with  trauma-induced  apoptosis, 
sections  immunopositive  for  caspase  8  and  caspa.se  3  pi 8 
were  stained  with  TUNEL  to  assess  DNA  damage.  Double¬ 
labeling  experiments  demonstrated  that  a  substantial  propor¬ 
tion  of  TUNEL  positive  cells  with  shrunken  morphology, 
condensed  nuclei  and  chromatin  margination  also  expressed 
caspase  8  (Fig.  4a)  and  activated  caspase  3  (Fig.  4b)  in 
layers  2-5  of  the  injured  parietal  cortex  after  TBI.  However, 
cells  with  either  caspa.se  8  or  activated  caspase  3  reactivity 
or  gross  apoptotic-like  morphology  alone  were  also  detected. 

Quantification  of  caspase  8-  and  caspase  3-positive  cells 
and  caspase  8  cell  .subtype  staining  after  TBI 
Activated  caspase  3  was  detected  in  the  ipsilateral  trauma¬ 
tized  cortex  from  6  to  72  h  after  impact  injury.  Similar  to 
our  findings  for  caspase  8,  pi  8  positive  cells  were  seen 
within  cortical  layers  2-5  at  the  primary  impact  zone 
(Fig.  3d)  (Beer  et  al.  2()00b).  In  contrast  to  caspa.se  8, 
the  intracellular  localization  of  activated  caspase  3  was 


predominantly  nuclear  (Fig.  3h).  Quantitative  analysis  of 
ca.spase  8-  and  pi  8-positive  cells  revealed  that  the  number 
of  caspase  8-  and  pl8-labeled  cells  increased  up  to  24  and 
48  h  after  trauma,  respectively,  with  the  number  of 
caspase  8-positive  cells  being  significantly  higher  until 
24  h  after  TBI  (Fig.  5a). 

Quantification  of  caspase  8  and  NeuN,  GFAP  and 
CNPase  revealed  that  the  number  of  caspase  8-positive 
neurons  is  significantly  higher  as  compared  with  glia  (i.e. 
astrocytes  and  mature  oligodendrocytes)  from  6  to  72  h  after 
injury,  respectively  (Fig.  5b). 

Discussion 

Our  results  provide  the  first  evidence  for  caspase  8 
expression  and  processing  after  experimental  TBI.  Proteo- 
lyzed  caspase  8  appeared  in  samples  of  the  traumatized 
cortex  from  6  to  72  h  after  impact  injury.  Furthermore, 
double  labeling  experiments  revealed  expression  of  cas¬ 
pase  8  in  neurons,  astrocytes  and  oligodendrocytes  after 
experimental  brain  injury.  Moreover,  our  data  indicate  that 
expression  of  caspase  8  and  cleaved  caspase  3  pi 8  is 
associated  with  apoptotic-like  cell  death  phenotypes 
detected  in  TUNEL-positive  cells.  Finally,  our  results 
suggest  that  caspase  8  may  at  least  in  part  contribute  to 
caspase  3-mediated  cell  death  after  experimental  TBI  in  the 
rat. 
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Reverse  transcription  PCR  and  western  blotting  data 
revealed  increased  expression  of  caspase  8  messenger  RNA 
and  increased  immunoreactivity  for  procaspase  8  and 
caspase  8  p20  in  the  ipsilateral  cortex  from  1  h  to  72  h 
after  the  impact.  Similar  to  our  results,  current  data  also 
suggest  that  caspase  8  messenger  RNA,  procaspase  8  and 
activated  caspase  8  are  over-expressed  at  early  time  points 
after  experimental  spinal  cord  ischemia  (Matsushita  el  al. 
2(XX))  and  focal  cerebral  ischemia  (Harrison  et  al.  2(K)1)  in 
the  mouse.  Moreover,  increased  expression  of  proteolyzed 
caspase  8  has  also  been  described  after  experimental  focal 
ischemia  in  the  rat  up  to  48  h  after  the  insult  (Velier  et  al. 
1999).  In  this  regard,  it  is  noteworthy  that  cortical  impact 
injury  may  pnxiuce  focal  ischemia  in  the  cortex  ipsilateral  to 
the  injury  site  (Bryan  et  al.  1995).  Thus,  reduced  cerebral 
blood  flow  may  have  also  contributed  to  activation  of 
caspa.se  8  in  our  experiments.  Taken  together,  these  data 
demonstrate  that  caspase  8  is  up-regulated  and  activated  as 
an  early  event  after  various  acute  CNS  injuries  in  vivo. 

Previous  reports  on  the  cell  subtype  distribution  have 
found  increa.sed  immunoreactivity  for  caspase  8  in  neurons 
after  focal  ischemia  in  the  rat  (Velier  et  al.  1999).  In 
addition,  recent  data  provided  evidence  that  caspa.se  8  is 
also  over-expressed  in  neurons  following  experimental 
spinal  cord  ischemia  in  the  mouse  (Matsushita  et  al.  2(XX)) 
and  in  oligodendrocytes  undergoing  staurosperine-induced 
apoptosis  in  vitro  (Gu  et  al.  1999).  These  findings  indicate 
that  whereas  caspase  8  has  been  reported  only  to  be  weakly 
expressed  in  normal  brain  parenchyma  (Velier  et  al.  1999), 
the  brain  readily  over-expresses  caspase  8  after  a  variety  of 
pathological  stimuli.  Our  immunohistochemical  results,  how¬ 
ever,  are  the  first  to  show  that  ca.spa.se  8  is  over-expressed  in 
neurons,  astrocytes  and  oligodendrocytes  after  experimental 
brain  injury  in  vivo.  Moreover,  our  findings  suggest  that 
caspa.se  8  expression  is  mainly  cyto.solic  in  neurons,  but  has  a 
rather  nuclear  distribution  in  astrocyte.s  and  oligodendrocytes 
after  TBI  in  vivo.  In  this  regard  it  is  noteworthy  that 
caspase  8  can  be  expressed  in  both  the  nuclear  and  cytosolic 
compartment  (Xerri  et  al.  2000).  Therefore,  future  studies 
are  needed  to  further  investigate  the  significance  of 
caspase  8  expression  in  different  subcellular  compartments 
of  CNS  cells  after  experimental  brain  injuries  in  vivo. 

The  exact  mechanisms  leading  to  the  activation  of 
caspase  8  after  CNS  injuries  have  yet  not  been  determined. 
Recent  data  suggest  that  ca.spa.se  8  may  be  activated  by 
receptor-mediated  mechanisms  including  the  tumor  necrosis 
factor  receptor  type-1  (TNF-Rl)  (Schulze-Osthoff  et  al. 
1998)  and  Fas  signaling  pathways  (Muzio  et  al.  1996; 
Medema  et  al.  1997).  For  example,  it  has  been  reported  that 
over-expression  of  a-TNF  and  Fas  ligand  may  induce 
apK)ptosis  after  expierimental  cerebral  ischemia  and  brain 
trauma  in  vivo  (Kokaia  et  al.  1998;  Shohami  et  al.  1996; 
Martin-Villalba  et  al.  1999).  Moreover,  increased  Fas 
expression  has  been  implicated  in  glutamate-induced 


apoptotic  cell  death  of  CNS  neurons  in  vitro  (Li  et  al. 
1 998).  Importantly,  excessive  excitatory  amino  acid  release 
with  subsequent  neurotoxicity  also  has  been  described  after 
TBI  in  vivo  (for  review  see  Globus  et  al.  1995).  Finally, 
recent  data  by  Beer  et  al.  (2(KX)a)  indicate  that  the  Fa.s/Fas 
ligand  system  is  also  up-regulated  in  similar  brain  regions 
and  at  similar  times  after  TBI  as  caspase  8  expression  .seen 
in  our  study  (cortical  layers  2-5,  and  15  min  to  72  h  after 
impact  injury,  respectively).  Taken  together,  these  results 
suggest  that  excitatory  amino  acids  and  the  Fas/Fas  ligand 
system  may  indeed  participate  in  activation  of  caspase  8 
after  TBI.  In  this  regard,  it  is  noteworthy  that  coexpression 
of  Fas  and  caspase  8  has  been  observed  in  spinal  cord 
neurons  after  experimental  spinal  cord  ischemia  in  vivo 
(Matsu.shita  et  al.  2000). 

Recent  data  suggest  that  cell  loss  induced  by  traumatic 
spinal  cord  injury  and  TBI  may  be  attributed  in  part  to 
apoptotic  mechanisms  (for  a  review  see  Beattie  et  al.  2000; 
Raghupathi  et  al.  2000).  Moreover,  several  in  vivo  and  in 
vitro  studies  have  documented  the  significance  of  caspases 
in  apoptotic  cell  degeneration  following  acute  CNS  injuries 
(for  reviews  see  Eldadah  and  Faden  2000;  Mattson 
et  al.  2(X)0).  In  addition,  it  has  also  been  reported  that 
caspase  3  is  activated  after  experimental  cerebral  ischemia 
(Namura  et  al.  1998;  Velier  et  al.  1999),  fluid  percussion 
(Yakovlev  et  al.  1997),  and  cortical  impact  models  of  TBI 
(Beer  et  al.  2(XX)b;  Clark  et  al.  2(X)0).  Our  western  blotting 
data  also  indicate  that  caspase  3  is  activated  after  TBI,  and 
our  double-labeling  immunohistochemical  studies  u.sing 
TUNEL  and  pi 8  antiserum  demonstrated  caspase  3-positive 
cells  with  gross  DNA  damage  in  the  traumatized  cortex, 
suggesting  a  mechanistic  link  between  caspase  3  activation 
and  apoptosis. 

Recent  evidence  from  in  vitro  studies  suggests  that 
ca.spase  3  can  be  activated  directly  by  caspase  8  (Stennicke 
et  al.  1998).  However,  coexpression  of  caspase  8  and 
activated  ca.spa.se  3  after  various  CNS  injuries  in  vivo  has 
not  been  studied  extensively.  One  recent  report  indicated 
that  caspase  8  and  activated  caspase  3  are  coexpressed 
within  CNS  cells  after  experimental  spinal  cord  ischemia  up 
to  24  h  after  the  insult  (Matsu.shita  et  al.  2000).  Our  present 
findings  provide  further  evidence  of  expression  of  both, 
caspase  8  and  activated  caspase  3  in  multiple  cortical  CNS 
cell  populations  after  TBI  in  vivo.  Importantly,  the  expres¬ 
sion  of  caspase  8  and  activated  caspase  3  in  similar  cortical 
brain  regions  suggests  that  caspase  8  may  participate  in 
caspase  3  activation  in  cortical  CNS  cells  after  TBI.  More¬ 
over,  the  greater  number  of  caspase  8  positive  cells  (com¬ 
pared  with  caspa.se  3  innnunoreactive  cells)  at  early  time 
points  (6  and  24  h  post  trauma)  followed  by  a  greater  number 
of  caspa.se  3  positive  cells  (compared  with  caspa.se  8  positive 
cells)  at  later  time  points  (48  h  and  72  h  post  trauma) 
supports  the  hypothesis  that  caspase  8  may  indeed  be 
upstream  of  caspase  3.  However,  it  was  of  interest  that 
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caspase  8  immunoreactivity  is  found  also  in  cells  with 
evidence  of  DNA  damage  as  indicated  by  TUNEL.  In  this 
regard  it  is  noteworthy  that  caspase  8  may  also  function  as 
an  amplifying  executioner  caspase  in  drug-induced 
apoptosis  in  vitro  (Engels  et  al.  2000).  Therefore,  future 
.studies  have  to  investigate  the  exact  role  of  caspase  8  in 
the  activation  and/or  execution  phase  of  the  apoptotic 
cascade  after  acute  CNS  injuries  in  vivo.  This  also 
implicates  the  need  for  further  investigations  on  the 
significance  of  caspase  8  independent  activation  of 
caspase  3,  including  the  mitochondrial  pathway  (Eldadah 
and  Faden  2000). 

Our  study  failed  to  detect  increased  expression  of 
caspase  8,  activated  caspase  3  and  apoptotic  CNS  morphol¬ 
ogy  in  the  hippocampus  ipsilateral  to  the  injury  site  from  6  h 
to  14  days  after  the  trauma.  This  is  in  contrast  to  previous 
reports,  which  clearly  describe  features  of  apoptotic 
neuronal  degeneration  in  the  hippocampus  following  fluid 
percussion  injury  (Yakovlev  et  al.  1997;  Conti  et  al.  1998) 
and  cortical  impact  injury  (Clark  et  al.  2000;  Colicos  and 
Dash  1996).  However,  previous  studies  from  our  laboratory 
(Franz  et  al.  1999;  Beer  et  al.  2000a,b)  have  shown  that 
cortical  impact  injury  may  not  necessarily  be  associated 
with  hippocampal  neuronal  degeneration.  Probable  reasons 
for  discrepancies  in  the  appearance  of  hippocampal  damage 
may  be  subtle  methodological  differences  in  animal  models 
of  TBl.  For  example,  differences  in  angulation  and  velocity 
of  the  impact  devices  could  account  for  the  presence  or 
absence  of  hippocampal  cell  degeneration. 

In  conclusion,  our  results  provide  evidence  for  induction 
of  caspase  8  expression  in  cortical  neurons  and  glial  cells 
after  TBl  in  vivo.  Moreover,  our  data  raise  the  jMssibility 
that  caspase  8  may  contribute  to  caspase  3  activation  after 
impact  injury  in  the  rat.  In  addition  to  these  in  vivo  findings, 
we  also  provided  evidence  that  caspase  8  and  activated 
caspasc  3  may  participate  in  mechanisms  of  apoptotic 
CNS  cell  degeneration  in  the  traumatized  cortex.  However, 
future  studies  are  needed  to  further  elucidate  the  precise  role 
of  caspase  8  and  activated  caspase  3  for  cellular  CNS 
degeneration  after  TBl,  including  the  significance  of 
apoprtotic  cell  death  on  functional  outcome  after  acute  brain 
injuries  in  vivo. 
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The  history  of  numerous  failed  clinical  trials  designed  to  identify  therapeutic  agents 
to  assist  in  improving  outcomes  after  traumatic  brain  injury  points  to  the  critical  im¬ 
portance  of  understanding  biochemical  markers  of  injury.  Such  biomarkers  should  be 
readily  accessible,  provide  information  specific  to  the  pathologic  disruptions  occurring 
in  the  central  nervous  system,  and  allow  improved  monitoring  of  the  progression  of 
secondary  damage.  Additionally,  these  biomarkers  should  may  provide  investigators 
a  window  on  the  individual  patient's  response  to  treatment,  and  should  contribute 
to  prediction  of  outcome.  Most  research  on  this  topic  to  date  has  focused  on  neuron- 
specific  enolase  (NSE)  and  S-100  proteins  but  these  have  not  proven  to  be  satisfactory 
for  a  variety  of  reasons.  A  different  approach  is  provided  by  the  study  of  2  important 
proteases,  caspase-3  and  calpain.  This  paper  reports  the  current  state  of  knowledge 
concerning  caspase  and  calpain  as  specific  markers  of  TBI,  and  discusses  all;spectrin, 
a  principal  substrate  for  both  caspase  and  calpain,  as  well  as  initial  findings  regarding 
neurofilament  68  protein  (NF-68). 


INTRODUCTION 

Brain  injury  resulting  from  traumatic, 
ischemic  and/or  chemical  etiology'  is  a 
significant  international  health  concern, 
representing  a  potentially  catastrophic 
debilitating  medical  emergency  with  poor 
prognosis  for  long-term  disability.  It  repre¬ 
sents  a  major  problem  to  military  care,  ac¬ 
counting  for  25%  of  all  combat  casualties 
and  is  the  leading  cause  of  death  (approach¬ 
ing  50%  incidence)  among  wounded  sol¬ 
diers  reaching  Echelon  I  medical  treatment 
(10).  In  civilian  life,  the  incidence  of  brain 
injury  and  resultant  long-term  disabilities 
caused  by  traumatic  insults  (eg,  automobile 
accidents,  gunshots,  sports)  and  ischemic 
events  (eg,  strokes,  cerebral  hemorrhage, 
cardiac  arrest)  are  several  orders  of  magni¬ 
tude  greater.  There  are  more  than  1  million 
traumatic  brain  injury  (TBI)  cases  that  arc 
treated  and  released  from  an  emergency 
department  annually  in  the  United  States, 
resulting  in  more  than  230000  hospitaliza¬ 
tions,  50  000  deaths  and  80  000  disabilities. 
Among  all  age  groups,  the  top  3  causes  of 
TBI  are  motor  vehicle  accidents,  falls  and 
violence  (1).  Despite  modern  automobile 
design  and  injury  prevention  campaigns, 
important  causes  ofTBl  in  children  such  as 
ejections  from  cars  during  traffic  accidents. 
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have  increased  in  recent  years  (111).  The 
current  estimate  is  that  5.3  million  Ameri¬ 
cans  live  with  a  TBI-related  disability.  TBI 
is  the  greatest  cause  of  death  and  disability 
in  young  people  less  than  24-years-old  (2). 

With  the  exception  of  supportive  mea¬ 
sures,  there  arc  currently  no  approved  drug 
treatments  for  TBI  (76).  There  have  been  a 
large  number  of  clinical  trials  studying  po¬ 
tential  therapies  for  traumatic  brain  injury 
(TBI)  that  have  resulted  in  negative  find¬ 
ings  with  a  cost  of  over  $200  million  (17, 
31).  Many  investigators  have  pointed  out 
that  the  absence  of  biochemical  markers  of 
injury  could  have  contributed  to  these  fail¬ 
ures  (76,  104).  Unlike  other  organ-based 
diseases  where  rapid  diagnosis  employing 
biomarkers  (usually  involving  blood  tests) 
prove  invaluable  to  guide  treatment  of  the 
disease,  no  such  rapid,  definitive  diagnostic 
tests  exist  for  TBI  to  provide  physicians 
with  quantifiable  neurochemical  markers 
to  help  determine  the  seriousness  of  the  in¬ 
jury,  the  anatomical  and  cellular  pathology 
of  the  injury,  and  to  guide  implementation 
of  appropriate  triage  and  medical  manage¬ 
ment. 


CRITERIA  FOR  BIOCHEMICAL/ 
SURROGATE  MARKERS 

In  the  course  of  research  on  biomarkers, 
our  laboratories  have  developed  criteria  for 
biomarker  development.  Useful  biomarkers 
should  employ  readily  accessible  biological 
material  such  as  CSF  or  blood  (CSF  is 
routinely  accessible  in  severely  injured  TBI 
patients),  predict  the  magnitude  of  injury 
and  resulting  functional  deficits  and  pos¬ 
sess  high  sensitivity  and  specificity,  have  a 
rapid  appearance  in  blood  and  be  released 
in  a  time-locked  sequence  after  injury.  Ide¬ 
ally,  biomarkers  should  employ  biological 
substrates  unique  to  the  CNS  and  provide 
information  on  injury  mcchani.sms,  a  crite¬ 
rion  often  used  to  distinguish  biochemical 
markers  from  surrogate  markers  of  injury, 
which  usually  do  not  provide  information 
on  injury  mechanisms.  Potential  gender 
and  age  related  differences  on  biomarker 
profiles  are  also  important  and  should  be 
taken  into  account  when  developing  useful 
biochemical  markers  (43). 

USES  OF  BIOMARKERS 

Biomarkers  would  have  important  appli¬ 
cations  in  diagnosis,  prognosis  and  clinical 
research  of  brain  injuries.  Simple,  rapid 
diagnostic  tools  will  immensely  facilitate 
allocation  of  the  major  medical  resources 
required  to  treat  TBI  and  other  brain  in¬ 
juries.  Accurate  diagnosis  in  acute  care  en¬ 
vironments  can  significantly  enhance  deci¬ 
sions  about  patient  management  including 
decisions  whether  to  admit  or  discharge, 
or  administer  other  time  consuming  and 
expensive  tests  including  computer  tomog¬ 
raphy  (CT)  and  magnetic  resonance  imag¬ 
ing  (MRI)  scans.  Biomarkers  could  have 
important  prognostic  functions  especially 
in  patients  suffering  mild  TBI,  which  make 
up  an  estimated  80%  of  the  2.5  to  6.5  mil¬ 
lion  individuals  who  suffer  from  lifelong 
impairment  as  a  result  of  TBI  (3,  82).  Ac- 
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curate  identification  oF these  patients  could 
facilitate  development  of  guidelines  for 
return  to  duty,  work  or  sports  activities  and 
also  provide  opportunities  for  counseling  of 
patients  suffering  from  these  deficits.  Bio¬ 
markers  could  provide  major  opportunities 
for  the  conduct  of  clinical  research  includ¬ 
ing  confirmation  of  injur)'  mechanism(s) 
and  drug  target  identification.  The  tempo¬ 
ral  profile  of  changes  in  biomarkers  could 
guide  timing  of  treatment  and  a.ssist  in 
monitoring  the  response  to  therapy  and 
intervention.  Finally,  biomarkers  could 
provide  a  clinical  trial  outcome  measure 
obtainable  much  more  cheaply  and  read¬ 
ily  than  conventional  neurological  assess¬ 
ments,  thereby  significantly  reducing  the 
risks  and  costs  of  human  clinical  trials. 
Relevant,  easily  available  biomarkers  are 
needed  in  order  to  maximize  chances  of 
success  in  developing  long  awaited  effective 
drugs  for  TBI  (76). 

CURRENT  STATUS  OF  RESEARCH  ON 
MARKERS  OF  TRAUMATIC  BRAIN  INJURY 

Analysis  of  specific  biochemical  markers 
has  provided  useful  information  on  the 
mechanism  and  diagnosis  of  specific  organ 
dysfunction  in  humans  (112).  However, 
although  analysis  of  cerebrospinal  fluid, 
cerebral  microdialysis  samples,  and  brain 
tissue  specimens  has  provided  insight  into 
the  mechanisms  of  brain  injury  (61,  63), 
there  are  no  biomarkers  of  proven  clinical 
utility  for  T'BI. 

1 BI  is  difficult  to  assess  and  clinical 
examinations  are  of  restricted  value  dur¬ 
ing  the  first  hours  and  days  after  injury. 
Conventional  diagno.ses  of  TBI  are  based 
on  neuroimaging  techniques  such  as  CT 
.scanning,  MRI  and  single-photon  emi.ssion 
CT  scanning  (46,  58,  72).  CT  scanning 
has  low  sensitivity  to  detect  diffu.se  brain 
damage,  and  the  availability  of  MRI  is 
limited  (60,  64).  Single-photon  emission 
CT  scanning  detects  regional  blood-flow 
abnormalities  not  necessarily  related  to 
structural  damage. 

A  recent  review  of  biomarkers  of  TBI 
highlighted  the  need  for  biomarker  devel¬ 
opment  (43).  The  most  studied  potential 
biochemical  markers  for  TBI  include 
creatine  kinase  (CK),  glial  fibrillary  acidic 
protein  (GFAP),  lactate  dehydrogenase 
(LDH),  myelin  basic  protein  (MBP), 
neuron-specific  enolase  (NSF.)  and  S-100 
proteins,  fhe  bulk  of  research  in  FBI  has 


focused  on  NSF  and  S-lOO^-  The  specific¬ 
ity  of  NSE  for  brain  is  high  (49)  ,  sex-  and 
age-related  variability  is  low  (30,  51,  74, 
85,  97,  120,  121,  1.34),  and  NSE  is  rapidly 
detcctible  in  scrum  after  T’BI  (129).  How¬ 
ever,  studies  relating  NSE  scrum  levels  to 
admission  CCS  in  patients  with  severe  TBI 
show  conflicting  results.  Similar  data  have 
been  reported  concerning  relationships 
with  CT  scan  findings,  ICP  and  long-term 
outcomes.  In  mild  FBI,  NSE  failed  to  sep¬ 
arate  patients  from  controls  (12,  44,  108, 
132).  Thus,  NSE  is  predominantly  used 
as  a  marker  for  tumors  (24).  NSE  is  also 
released  in  the  blood  by  hemolysis,  which 
could  be  a  major  source  of  error  (24). 

fhe  S-100  protein  family  now  consists  of 
19  members,  of  which  S-lOOp  is  the  one 
viewed  as  a  marker  of  brain  damage  (49, 
65),  although  it  is  present  in  other  tissues 
such  as  adipocytes  and  chondrocytes  (40). 
Investigators  have  reported  that  S-100[i  se¬ 
rum  levels  correlate  to  CCS  scores,  neuro¬ 
radiologic  findings  at  admission  and  long¬ 
term  outcomes  (98,  99,  130).  However, 
investigators  have  recently  raised  questions 
about  the  utility  of  S-lOOp  reporting  that 
high  scrum  levels  of  S-lOOp  are  detcctible 
in  trauma  patients  not  having  head  injuries, 
a  factor  not  adequately  controlled  for  in 
earlier  studies  (4).  In  addition,  serum  levels 
ofS-lOOP  following  mild  FBI  do  not  show 
strong  correlations  with  neuropsychologi¬ 
cal  outcome  (107).  Research  in  this  area 
continues  and  recent  reports  have  indicated 
the  potential  utility  of  measures  of  blood 
GFAP  (71),  spinal  fluid  interlcukin-6  (1 15) 
and  cleaved  tau  protein  in  serum  (45,  1 14) 
and  spinal  fluid  (136)  following  brain  in¬ 
jury. 

Investigators  have  also  generally  rec¬ 
ognized  the  need  for  more  objective  as¬ 
sessments  of  outcome  following  stroke, 
including  biochemical  markers  (29,  68). 
The  approval  of  tPA  as  a  treatment  for  acute 
stroke  has  additionally  highlighted  the  po¬ 
tential  utility  of  biochemical  markers.  Use 
of  tPA  may  be  hindered  by  diagnostic 
concerns  because  neurological  deficits  ac¬ 
companying  stroke  can  mimic  those  seen 
during  transient  ischemic  attacks,  complex 
migraine,  space-occupying  lesions  and 
post-ictal  paralysis.  A  reliable  biochemical 
marker  might  give  assurance  to  physicians 
considering  administering  thrombolytic 
agents  for  acute  stroke  (4l,  50). 


Previously  reported  biomarkers  of  cere¬ 
bral  ischemia  include  NSE,  brain  specific 
creatine  kinase  enzyme  (CPK-BB),  8-100(3 
and  inflammatory  cytokines  such  as  II.- 
6  (88).  NSE  and  S-lOOp  have  been  the 
most  studied.  After  cardiac  arrest,  NSE 
elevations  in  serum  and  CSF  have  been 
correlated  with  neurological  recovery  (28, 
67,  106).  Serum  and  CSF  NSE  values  were 
reported  to  be  elevated  in  rodent  models  of 
focal  ischemia  in  proportion  to  the  eventual 
infarct  volume  (26,  27,  42).  In  clinical  tri¬ 
als,  peak  serum  NSE  values  also  predicted 
infarct  volumes  as  shown  by  CTT.  Corre¬ 
lating  scrum  NSE  values  with  functional 
outcome  was  less  successful  (26,  27,  70), 
possibly  because  flinctional  neurological 
deficit  is  influenced  as  much  by  location  of 
brain  injury  as  by  infarct  size  (70).  S- 100(3 
protein  has  been  studied  most  extensively 
for  characterization  of  ischemic  injuries 
after  cardiac  surgery,  and  several  reports 
have  documented  post-operative  serum 
elevations  (5,  1 13,  128).  However,  many  of 
these  reports  do  not  include  aireful  stud¬ 
ies  of  neurological  outcome,  and  several 
investigators  have  recently  criticized  the 
diagnostic  utilit)'  of  S-lOOp  during  cardiac 
surgery  (4). 

PROTEOLYTIC  DAMAGE  AND  THE 
PATHOBIOLOGY  OF  TRAUMATIC  BRAIN 
INJURY 

After  TBI,  brain  cells  can  deteriorate 
by  more  than  one  pathway,  and  many 
genes  and  proteins  may  be  involved.  Pro¬ 
grammed  cell  death  is  an  cvoltitionarily 
conserved  form  of  cell  suicide  that  occurs 
widely  throughout  development  (15). 
This  type  of  cell  death  often  has  the  mor¬ 
phological  appearance  of  apoptosis  (119). 
Apoptosis  occurs  following  TBI  in  animals 
(22,  59,  131)  and  humans  (18,  19).  Studies 
of  apoptosis  pose  special  challenges  since 
there  are  multiple  apoptotic  pathways, 
and  apoptosis  is  extremely  sensitive  to  a 
number  of  variables  including  injury  type 
and  magnitude  (13,  16,  100),  cell  type  (38, 
57)  and  stimulation/antagonism  of  specific 
receptors  (16,  21, 25,  38,  39,  48). 

The  molecular  events  occurring  after 
TBI  are  just  beginning  to  be  understood. 
Eles'atcd  neuronal  calcium  levels  activate 
a  number  of  calcium-dependent  enzymes 
such  as  phospholipases  (83).  kinases  (133), 
phosphatases  (75),  and  proteases  (7,  80),  all 
of  which  can  modulate  post-TBI  cytoskel- 
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etal  protein  loss.  C'aspasc-3  is  a  member  of 
the  caspase  family  of  cysteine  proteases.  Ac¬ 
tivated  caspase-3  has  many  cellular  targets 
that,  when  interrupted  and/or  activated, 
produce  the  morphologic  features  of  apop¬ 
tosis  (20).  Calpains  are  calcium-activated, 
neutral  cysteine  proteases  with  relative 
selectivity  for  proteolysis  of  a  subset  of  cel¬ 
lular  proteins.  Calpain  activation  has  been 
implicated  in  different  models  of  apoptosis 
and  in  different  cell  types,  including  neu¬ 
rons  (92).  Understanding  of  the  contribu¬ 
tions  of  calpains  and  caspases  to  cell  injury/ 
death  following  TBl  may  have  important 
diagnostic  and  therapeutic  implications. 

CONTRIBUTIONS  OF  CASPASE-3  AND 
CALPAIN  TO  CELL  DEATH  FOLLOWING 
TRAUMATIC  BRAIN  INJURY 

Numerous  studies  from  our  own  (8,  90, 
92)  and  other  laboratories  (32,  36,  73) 
have  provided  evidence  that  the  caspase 
family  of  cysteine  proteases  is  an  impor¬ 
tant  intracellular  effector  of  apoptosis  in 
various  cell  lines  and  apoptotic  models. 
Caspase-3-like  proteases  have  been  shown 
to  cleave  a  variety  of  cytoplasmic,  nuclear 
and  cytoskeletal  proteins  during  apoptosis, 
including  all-spectrin  (69,  77,  78,  122), 
poly(ADP-ribose)  polymerase  (PARP:  51) 
and  others  (52-57).  In  vitro  .studies  in  our 
laboratories  using  a  model  of  stretch  injury 
have  demonstrated  caspase-3  processing  of 
a-spectrin  to  the  apoptotic-linked  120- 
kDa  fragment  24  hours  after  moderate,  but 
not  mild  or  severe  injury  (8).  In  vivo  studies 
have  provided  evidence  of  caspase-3  activa¬ 
tion  following  TBI.  First,  Clark  et  al  dem¬ 
onstrated  cleavage  of  capsasc-3  to  its  pl8 
and  pi 2  subunits  in  humans  (19).  Yakovlev 
et  al  reported  that  TBl  increased  caspase-3, 
but  not  caspase-1  activity  (131).  Caspase- 
3  inhibition  reduced  DNA  fragmentation 
and  I'UNEL  staining  and  improved  behav¬ 
ioral  outcome.  We  have  also  concurrently 
examined  caspase-3  and  calpain  activation 
after  PBI.  Distinct  regional  and  temporal 
patterns  of  calpain/caspasc-3  processing 
of  all-spectrin  in  brain  regions  ipsilateral 
to  the  site  of  injury  after  TBI  have  been 
observed.  Caspase-3-mediated  breakdown 
products  (BDP  s)  to  all-spectrin  were  ab¬ 
sent  in  the  cortex  but  showed  significant 
increases  in  hippocampus  and  striatum 
early  after  TBI  (91).  Immunohistochemical 
examinations  revealed  increased  expres¬ 
sion  of  the  proteolitically  active  subunit 


of  caspa.se-3,  pi 8,  in  neurons,  astrocytes, 
and  oligodendroc)'tes  from  6  to  72  hours 
following  controlled  cortical  impact  injury. 
Moreover,  concurrent  assessment  of  nuclear 
histopathology  using  hematoxylin  identi¬ 
fied  pl8-immunopositive  cells  exhibiting 
apoptotic-like  morphological  profiles  in  the 
cortex  ipsilateral  to  the  injury  site  (8). 

Calpains  are  Ca^*  activated  cysteine  pro¬ 
teases  that  have  been  implicated  in  a  variety 
of  neuropathological  conditions  (55,  127). 
Intracellular  substrates  of  activated  calpain 
include  cytoskeletal  proteins,  calmodulin¬ 
binding  proteins,  enzymes  involved  in 
signal  transduction,  membrane  proteins 
and  transcription  factors  (110,  118,  126). 
While  calpain  activation  has  historically 
been  associated  with  necrotic  cell  death 
(81),  calpain  activation  has  also  been  impli¬ 
cated  in  different  models  of  apoptosis  and 
in  different  cell  types,  including  neurons 
(9,  52,  77,  1 17,  123).  Research  in  our  own 
and  other  laboratories  have  documented 
calpain  activation  following  TBI  in  vivo 
(55).  TBI  results  in  altered  Ca^*  homeo¬ 
stasis  (135)  and  activates  .several  Ca'^'-de- 
pendent  enzymes  including  the  calpains. 
Overactivation  of  calpains  occurs  in  many 
neurodegenerative  diseases  and  injuries  to 
the  CNS  (6,  55,  127).  Increased  calpain 
activity  following  TBI  has  been  inferred 
by  a  variety  of  techniques  (54,  80,  93,  96), 
including  protection  by  calpain  inhibitors 
(94,  109). 

Pathological  calpain  activation  is  be¬ 
lieved  to  occur  when  intracellular  free 
calcium  levels  surpass  a  certain  threshold. 
Importantly,  increases  in  free  calcium  via 
voltage  and  receptor  gated  calcium  chan¬ 
nels  have  been  reported  in  CNS  trauma 
in  vivo  (21,  48,  56).  Calpains  are  located 
throughout  the  neuron,  in  somatoden¬ 
dritic  regions  and  in  axons  (57).  Calpain 
may  also  be  a  constituent  of  myelin  (116). 
Therefore,  pathological  calpain  activity  and 
subsequent  substrate  proteolysis  can  have 
profound  effects  on  neuronal  structure  and 
function. 

Cytoskeletal  alterations  after  experi¬ 
mental  brain  injury  have  pointed  to  the 
likelihood  of  calpain  mediated  proteolysis. 
Preferred  substrates  for  calpains  include 
the  cytoskeletal  protein  spearin  (47,  66), 
microtubule  associated  protein-2  (MAP- 
2)(34),  and  neurofilament  proteins  (22,  23, 
84,  105).  Increased  degradation  of  MAP2 
(33,  131),  the  neurofilament  triplet  pro¬ 


teins  (53,  86)  and  spectrin  (79)  have  been 
reported  in  cerebral  ischemia.  In  addition, 
loss  of  MAP-2  (62),  neurofilament  68  (NF 
68)  and  neurofilament  200  (NF  200)(93- 
95)  have  been  reported  following  FBI  in 
vivo.  Additional  evidence  that  calpain  is 
activated  in  neurons  following  experimen¬ 
tal  brain  injury  has  been  provided  by  the 
use  of  antibodies  which  bind  specifically 
to  calpain  mediated  BDP’s  of  cytoskeletal 
proteins  in  models  ofTBI  (80). 

all-SPECTRIN  DEGRADATION-A  PROTO¬ 
TYPE  BIOMARKER 

Our  research  program  to  de¬ 
velop  biomarkers  for  TBI  has  focused  on 
a-spectrin  degradation  as  a  prototypical 
biochemical  marker  (35,  103).  all-spec- 
trin  (280  kDa)  is  the  major  structural 
component  of  the  cortical  membrane 
cyioskeleton  and  is  particularly  abundant 
in  axons  and  presynaptic  terminals  (37, 
102).  Importantly,  all-spectrin  is  a  major 
substrate  for  both  calpain  and  caspase-3 
cysteine  proteases  (125).  Our  laboratory 
has  provided  considerable  evidence  that 
all-spcctrin  is  processed  by  calpains  and/or 
caspase-3  to  signature  cleavage  products  in 
vivo  after  TBI  (8,  14,  80,  91)  and  also  in 
vitro  after  mechanical  stretch  injury  (90). 
Calpain  produces  2  major  all-spectrin 
breakdown  products  of  150  kDa  and 
145  kDa  (SBDP150  and  SBDP145)  in  a 
sequential  manner.  On  the  other  hand,  cas¬ 
pase-3  initially  produces  a  150  kDa  SBDP 
that  is  further  cleaved  into  a  120  kDa  frag¬ 
ment  (SBDP120)(124).  Immunoblots  of 
all-spectrin  degradation  thus  provide  con¬ 
current  information  on  the  activation  of 
calpain  and  caspase-3,  potentially  impor¬ 
tant  regulators  of  cell  death  following  TBI. 
dfie  calcium  sensitivity  and  low  basal  levels 
of  calpain  optimize  its  utility  as  a  marker 
of  cell  injury.  Although  not  found  in  eryth¬ 
rocytes  and  thus  robust  to  confounding  by 
blood  contamination,  all-spectrin  is  not 
specific  to  the  CNS  (89).  Following  injury, 
native  all-spectrin  protein  was  decreased  in 
brain  tissue  and  increased  in  CSF  from  24 
hours  to  72  hours  after  injury.  Calpain-spe- 
cific  breakdown  products  increased  in  both 
brain  and  CSF  after  injury.  Caspase-3-spe- 
cific  breakdown  products  increased  in  some 
animals,  but  to  a  lesser  degree  (89). 

Recent  efforts  in  our  laboratory  have 
expanded  our  studies  of  the  potential  clini¬ 
cal  utility  of  all-spectrin  degradation  as  a 
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Figure  1.  Accumulation  of  calpain-specific  SBDPs  is  sensitive  to  injury  magnitude  after  controlled  cortical 
impact.  Animals  were  injured  using  a  model  of  controlled  cortical  impact  at  two  magnitudes  of  injury. 
Accumulation  of  brain  cortex  and  spinal  fluid  ieveis  of  all-SBDP  were  measured  by  densitometric 
anaiysis  at  2  hours  post-injury.  The  1.6  mm  injury  magnitude  produced  the  highest  Ieveis  of  all-SBDP 
accumulation  in  cortex  and  CSF  compared  to  1.0  mm  injury  and  to  sham-injured  controis.  However, 
statistical  significance  (p<0.05)  between  1.6  mm  and  1.0  mm  injuries  was  only  achieved  at  2  hours 
but  not  at  6  or  24  hours  post-injury  {data  not  shown).  This  finding  could  indicate  a  critical  window  for 
discriminating  injury  magnitude  using  all-SBDP  as  a  biomarker.  CSF  levels  of  all-SBDP  were  greater  in  CSF 
than  in  cortex,  particularly  for  the  1.6  mm  injury.  This  most  likely  reflects  a  greater  ratio  of  SBDP  to  total 
protein  in  CSF  relative  to  cortex  and  indicates  that  low  abundance  proteins  may  be  more  easily  detected 
in  CSF  after  brain  injury  (n=6  per  group). 
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Figure  2.  Western  blot  analysis  of  cerebrospinal  fluid  (CSF)  samples  from  a  9-year-old  patient  diagnosed 
with  severe  head  injury  all-spectrin  breakdown  products  reflecting  caspase-3  (ISOkDa  and  120kDa 
bands)  and  calpain  (ISOkDa  and  145kDa  bands)  activity  were  identified  as  early  as  12  hours  after  injury 
and  persisted  for  at  least  3  days  after  injury.  Increased  protein  expression  one  day  after  injury  may  reflect 
clinical  evidence  of  increased  brain  swelling  and  intracranial  hypertension.  CSF  from  a  child  with  chronic 
hydrocephalus  and  no  acute  brain  injury  was  used  as  control.  T0=admission  to  the  intensive  care  unit; 
T0.5  =  12  hours  after  injury;  T1  =24  hours  after  injury;  T2: 2  days  after  injury;  T3: 3  days  after  injury;  T7  =  7 
days  after  injury;  MWM  =  molecular  weight  marker. 


biomarker  forTBl  (Figure  1).  These  studies 
focused  on  determining  whether  changes  in 
all-spectrin  breakdown  products  in  CSF 
could  be  useful  indicators  of  the  magnitude 
of  brain  injury.  Our  studies  have  provided 
the  first  evidence  that  protein  degradation 
of  a  structural  cytoskeletal  protein  can  be 
a  reliable  marker  of  C'NS  injury.  F,qually 
important,  our  data  suggests  that  there  may 
be  a  critical  period  following  injury  during 
which  these  markers  predict  injury  magni¬ 
tude.  Our  laboratory  has  also  provided  the 
first  human  data  on  the  potential  utility 
of  all-spectrin  as  a  biomarker  (Figure  2). 
These  preliminary  studies  indicate  that 
all-spectrin  degradation  is  also  detected 
in  brain  injury  patients  but  not  in  chronic 
hydrocephalic  controls.  Equally  important, 
our  data  suggests  that  secondary  increases 


in  levels  of  breakdown  products  in  CSF 
may  reflect  secondary  deterioration  in 
the  clinical  status  of  the  patient.  Ihus, 
biomarkers  such  as  all-spectrin  degrada¬ 
tion  may  provide  useful  inlormation  for 
management  of  head  injury  patients  in 
critical  care  environments.  However,  it 
is  not  known  whether  BDP’s  and  other 
biomarkers  that  discriminate  magnitudes 
of  injury  at  the  biochemical  level  (ie,  mag¬ 
nitude  differences  in  CSF/serum  levels  of  a 
biomarker)  will  be  useful  as  predictors  of 
clinically  relevant  measures  of  outcome. 
That  is,  2  different  injury  magnitudes  may 
produce  significantly  different  biochemical 
respon.ses  in  the  brain  that  are  discernable 
in  CSF  or  scrum,  but  these  same  injury 
magnitudes  may  not  result  in  functionally 
different  behavioral,  pathological,  or  other 
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Figure  3.  Development  of  biomarkers  of  protease 
activity.  Brain  injury  leads  to  activation  of  proteases 
after  traumatic  brain  injury.  Proteolytic  processing 
of  cytoskeletal  proteins  (i.e.  all-spectrin)  leads  to 
accumulation  of  both  the  parent  protein  as  well 
as  signature  breakdown  products  (BDP's).  Initial 
characterization  will  most  likely  require  analysis  of 
cerebrospinal  fluid  (CSF).  Antibodies  will  then  be 
developed  so  that  an  easily  accessible  biomarker 
of  protease  activity  is  available  for  sampling  from 
peripheral  blood. 

clinical  outcome  measures.  Thus,  biomark- 
ers  that  do  not  correlate  with  clinically  rel¬ 
evant  outcome  measures  will  not  be  useful 
for  assessment  of  functional  ability,  func¬ 
tional  recovery,  or  for  gauging  effects  of 
therapy  on  outcome.  In  addition,  prelimi¬ 
nary  results  from  our  laboratories  suggest 
that  there  is  a  spontaneous  susceptibility  of 
cytoskeletal  protein  degradation  by  calpain 
in  aging  rats  (11).  These  findings  emphasize 
the  importance  of  accounting  for  multiple 
clinical  variables  including,  but  not  limited 
to,  age  when  evaluating  the  clinical  utility 
of  biomarkers  of  brain  injury. 

ADDITIONAL  CYTOSKELETAL  PROTEINS 
WITH  POTENTIAL  UTILITY  AS  BIOMARK- 
ERS 

Initial  research  focused  on  proteolytic 
processing  of  cytoskeletal  proteins  such  as 
lower  molecular  weight  ncurofilament  68 
protein  (NF-68)  highlights  their  potential 
to  provide  useful  information  on  activ- 
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ity  oJ  specific  proteases  such  as  p-calpain 
and  m-calpain.  Importantly,  2-D  gel 
electrophoresis  studies  have  suggested  that 
dephosphorylation  of  NF-68  may  be  asso¬ 
ciated  with  NF  protein  loss  following 'FBI, 
a  post  translational  modification  that  could 
have  significance  for  biomarkcr  develop¬ 
ment  (80,  96).  Ihis  important  biomarker 
could  provide  important  information  on 
the  pathophysiology  of  both  dendritic  and 
axonal  damage  after ’FBI  (95).  Importantly, 
NF-68  has  been  used  to  quantify  axonal 
injury  in  closed  head  injury  models  (101). 
Since  diffuse  axonal  injury  (DAI)  is  pres¬ 
ently  considered  one  of  the  most  common 
types  of  primary  lesions  in  patients  with 
severe  closed  head  injury  (87),  a  biomarker 
that  provides  information  on  axonal  injury 
could  potentially  have  clinical  utility. 

FUTURE  DIRECTIONS 

Ihe  patholog)'  of  FBI  is  extremely  com¬ 
plex.  As  our  understanding  of  the  numerous 
biochemical  cascades  involved  continues  to 
evolve,  sophisticated  diagnostic  tools  such 
as  biomarkers  will  be  developed  (Figure  3). 
Ideal  biomarkers  will  provide  information 
on  the  pathobiology  ofTBI  and  facilitate 
better  stratification  of  patients  by  the  sever¬ 
ity  of  their  injury,  better  monitoring  of  the 
progression  of  secondary  damage,  response 
to  treatment/intervention,  and  prediction 
of  outcome.  Although  the  initial  charac¬ 
terization  of  biomarkers  will  be  mainly 
based  on  spinal  fluid  analysis,  methods  for 
measurement  of  such  biomarkers  in  blood 
(plasma  or  serum)  will  be  developed.  TTie 
development  of  accessible  and  reliable  bio¬ 
markers  is  likely  to  change  the  way  clinical 
studies  of  head  injury  arc  conducted, 
resulting  in  more  mechanism  driven,  opti¬ 
mally  timed  therapies. 
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Caspase  3-like  proteases  are  key  executioners  in 
mammalian  apoptosis,  and  the  calpain  family  of 
cysteine  proteases  has  also  been  implicated  as  an 
effector  of  the  apoptotic  cascade.  However,  the  influ¬ 
ence  of  upstream  events  on  calpain/caspase  activation 
and  the  role  of  calpain/caspase  activation  on  subse¬ 
quent  downstream  events  are  poorly  understood.  This 
investigation  examined  the  temporal  profile  of  apopto¬ 
sis-related  events  after  staurosporine-induced  apopto¬ 
sis  in  mixed  glial-neuronal  septo-hippocampal  cell 
cultures.  Following  3  hr  exposure  to  staurosporine 
(0.5  p.M),  calpain  and  caspase  3-like  proteases  pro¬ 
cessed  a-spectrin  to  their  signature  proteolytic  frag¬ 
ments  prior  to  endonuclease-mediated  DNA  fragmen¬ 
tation  (not  evident  until  6  hr),  indicating  that 
endonuclease  activation  is  downstream  from  calpain/ 
caspase  activation.  Cycloheximide,  a  general  protein 
synthesis  inhibitor,  completely  prevented  processing 
of  a-spectrin  by  caipains  and  caspase  3-like  proteases, 
DNA  fragmentation  and  cell  death,  indicating  that  de 
novo  protein  synthesis  is  an  upstream  event  necessary 
for  activation  of  caipains  and  caspase  3-like  proteases. 
Calpain  inhibitor  II  and  the  pan-caspase  inhibitor 
Z-D-DCB  each  inhibited  their  respective  protease- 
specific  processing  of  a-spectrin  and  attenuated  endo¬ 
nuclease  DNA  fragmentation  and  cell  death.  Thus, 
activation  of  caipains  and  caspase  3-like  proteases  is 
an  early  event  in  staurosporine-induced  apoptosis, 
and  synthesis  of,  as  yet,  unknown  protein(s)  is  neces¬ 
sary  for  their  activation.  J.  Neurosci.  Res.  52:505-520, 
1998.  ©  1998  Wiley-llss.  Inc. 

Key  words:  a-spectrin;  fodrin;  CPP32;  cysteine  prote¬ 
ases;  brain;  rat;  trauma 


INTRODUCTION 

Apoptosis  is  a  genetically  regulated  type  of  cell 
death  that  is  fundamental  to  embryonic  development, 
serving  to  eliminate  unnecessary  cells  in  a  variety  of 
organs  and  tissues.  This  active  process  of  cell  eradication 
is  characterized  by  morphologic  features  that  are  pre- 
serv'ed  across  different  cell  types.  These  morphologic 
alterations  include  cell  body  shrinkage  and  plasma  mem¬ 
brane  blebbing  which  are  followed  by  nuclear  chromatin 
condensation,  segmentation  and  migration  of  nuclear 
fragments  to  the  nuclear  membrane  and  the  disintegration 
of  the  nucleus  into  discrete  membrane  bound  fragments 
(Bredeson,  1995;  Wyllie,  1980).  Other  features  of  at  least 
some  forms  of  apoptosis  include  intemucleosomal  DNA 
fragmentation  by  endonucleases  into  180  base  pair  inter- 
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vals  (Cohen  and  Duke,  1984;  MeConkey  et  al.,  1989; 
Wyllie  et  al.,  1980)  and  sensitivity  to  protein  synthesis 
inhibitors  (Cohen  and  Duke,  1984;  MeConkey  et  al., 
1989;  Wyllie  et  al.,  1980).  Recently,  investigations  have 
foeu.sed  on  a  potential  contributory  role  of  apoptosis  in 
various  neuropathological  conditions  including  hypo.xia- 
ischeiuia  (Johnson  et  al.,  1995;  Linnik  et  al.,  199.4,  1996; 
Shigeno  et  al.,  1990),  neurodegenerative  diseases  (For- 
loni  et  al.,  199.4;  Loo  et  al.,  1994)  and  traumatic  brain 
injury  (Colicos  and  Dash,  1996;  Conti  et  al.,  1996; 
Eldadah  et  al.,  1996;  Newcomb  et  al.,  1997;  Pravdenkova 
et  al.,  1996;  Rink  et  al.,  1995;  Yakovlev  et  al.,  1997). 

The  majority  of  studies  of  apoptosis  have  involved 
either  regional  and  temporal  descriptions  of  the  appear¬ 
ance  of  apoptotic  morphology  after  various  in  vivo 
models  of  neuronal  pathology  or  in  vitro  characteriza¬ 
tions  of  the  effects  of  initiating  triggers  for  apoptosis 
(e.g.,  serum  and/or  deprivation,  glucocorticoids,  irra¬ 
diation,  staurosporine)  on  genetic  regulators  of  apoptosis 
(e.g.,  Bax,  Bcl-2,  Ced-4,  Myc,  p54,  Ras)  or  on  terminal 
phase  events  that  produce  the  hallmark  apoptotic  pheno¬ 
type.  Although  apoptosis  may  be  initiated  via  numerous 
physiological  triggers,  different  models  of  apoptosis  all 
share  a  final  common  pathway  of  DNA  fragmentation 
and/or  characteristic  morphological  alterations  (Squier  et 
al.,  1994).  Thus,  identification  of  intracellular  regulators 
common  to  several  apoptotic  model  systems  and  cell 
types  could  provide  fundamental  insights  into  critical 
mechanisms  of  apoptotic  cell  death. 

Calpains  are  calcium-activated  cysteine  proteases 
that  have  been  implicated  in  a  variety  of  neuropathologi¬ 
cal  conditions  (Kampfl  et  al.,  1997;  Wang  and  Yuen, 
1994;  Yuen  and  Wang,  1996).  Intracellular  substrates  for 
activated  calpain  include  cytoskeletal  proteins,  calmodu¬ 
lin-binding  proteins,  enzymes  involved  in  signal  transduc¬ 
tion,  membrane  proteins,  and  transcription  factors  (for 
reviews  .see  Saido  et  al.,  1994;  Suzuki  et  al.,  1995;  Wang 
et  al.,  1989).  Several  recent  investigations  have  impli¬ 
cated  calpains  as  candidate  intracellular  regulators  of 
apoptosis  (Nath  et  al.,  1996a,b;  Martin  et  al.,  1995;  Squier 
et  al.,  1994).  Importantly,  calpain  activation  has  been 
implicated  in  different  models  of  apoptosis  and  in  differ¬ 
ent  cell  types,  including  neurons  (Behrens  et  al.,  1995; 
Jordan  et  al.,  1997;  Nath  et  al.,  1996a,b;  Squier  et  al., 
1994).  In  addition,  members  of  the  caspase  family  of 
cysteine  proteases  have  akso  been  implicated  as  important 
intracellular  effectors  of  apoptosis  in  various  cell  lines 
and  apoptotic  models  (Eldadah,  et  al.,  1997;  Fraser  and 
Evan,  1996;  Miura  et  al.,  1994;  Nath  et  al.,  1996a,b; 
Zhivotovsky  et  al.,  1997).  The  role  of  caspa.se  1  (ICE), 
caspase  4  (CPP42/YAMA/apopain),  and  caspase  4-like 
(caspase  4, 6,  7,  8, 9,  10)  proteases  has  been  the  focus  of  a 
number  of  investigations.  While  the  contribution  of 
caspa.se  1  to  apoptosis  in  the  CNS  is  less  clear  (Cohen. 


1997;  Zhivotovsky  et  al.,  1997),  the  caspase  4  family  is  of 
particular  interest.  For  instance,  caspase  4-like  proteases 
have  been  shown  to  cleave  a  variety  of  cytoplasmic  and 
nuclear  proteins  during  apoptosis  including  non-erythroid 
oi-spectrin  (Martin  et  al.,  1995;  Nath  et  al.,  1996a,b; 
Vanags  et  al.,  1996),  poIy(ADP-ribo,se)polymera.se  (PARP) 
(Lazebnik  et  al.,  1994),  DNA-PKcs  (Waterhouse  et  al., 
1996),  the  70  kD  protein  component  of  the  U1  nuclear 
ribonucleoprotein  (Ca.sciola-Rosen  et  al.,  1994),  lamin  A 
(Lazebnik  et  al.,  1995),  SREBP-1  and  SREBP-2  (Na  et 
al.,  1996),  protein  kina.se  C  8  (Ghayur  et  al.,  1996),  and 
gelsolin  (Kothakotaet  al.,  1997).  Importantly,  few  studies 
(e.g.,  Nath  et  al.,  1996)  have  systematically  examined  the 
role  of  these  two  major  families  of  cysteine  protea.ses  in 
models  of  neuronal  apoptosis. 

Although  the  general  protein  kinase  inhibitor  stauro- 
sporine  [which  has  recently  been  found  to  act  by  inducing 
cytochrome  c  release  from  mitochondria  (Kluck  et  al., 
1997;  Yang  et  al.,  1997))  has  been  shown  to  induce 
apoptosis  in  a  w'ide  variety  of  in  vitro  cell  systems 
(Bertrand  et  al.,  1994),  the  effects  of  staurosporine  on 
primary  scpto-hippocampal  cells  have  not  been  exam¬ 
ined.  The  hippocampus  is  a  brain  region  particularly 
vulnerable  to  numerous  CNS  insults  in  vivo,  including 
ischemia  (Jenkins  et  al.,  1989),  brain  trauma  (Lyeth  et  al., 
1990),  and  epilepsy  (Sloviter.  1996).  In  addition,  mount¬ 
ing  evidence  suggests  that  the  hippocampus  may  also  be 
prone  to  apoptotic  cell  death  in  various  brain  injury 
models  (Honkaniemi  et  al.,  1996;  Nitatori  et  al.,  1995; 
Colicos  and  Dash,  1996;  Conti  et  al.,  1996;  Rink  et  al., 
1995;  Yakovlev  et  al.,  1997).  Thus,  the  use  of  primary 
septo-hippocampal  cultures  in  vitro  can  enhance  the 
understanding  of  various  biochemical  processes  relevant 
to  CNS  neuropathology,  including  apoptotic  cell  death. 

ITiis  inve.stigation  examined  calpain  and  caspa.se 
4-like  proteolysis  of  the  cytoskeletal  protein  a-spectrin 
and  caspa.se  4-like  processing  of  PARP  in  mixed  rat 
glial-neuronal  septo-hippocampal  cell  cultures  following 
exposure  to  the  pro-apoptotic  compound  staurosporine. 
In  neuronal  cells  undergoing  apoptosis,  «-spcctrin  is 
cleaved  by  calpains  and  caspase  4-like  proteases  to  yield 
unique  proteolytic  fragments  that  are  specific  to  each 
family  of  cysteine  proteases  (Nath  et  al.,  1996a,b;  Roberts- 
Lewis  et  al.,  1994).  This  study  provides  the  first  system¬ 
atic  evidence  that;  (1)  both  calpain  and  caspa.se  4-like 
activation,  inferred  by  proteolysis  of  the  cytoskeletal 
protein  a-spectrin,  are  downstream  events  from  de  novo 
protein  synthesis,  but  upstream  from  endonuclea.se  DNA 
fragmentation,  (2)  de  novo  protein  synthesis  is  a  require¬ 
ment  for  activation  of  both  calpains  and  ca.spa.se  4-like 
proteases,  and  (4)  both  calpain  and  caspase  4-Iike  activa¬ 
tion  contribute  to  staurosporine-induced  apoptosis,  and 
co-administration  of  calpain  and  caspase  inhibitors  pro¬ 
vides  better  protection  against  a-spectrin  proteolysis. 
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DNA  fragmentation  and  cell  death  than  either  inhibitor 
alone.  In  addition,  this  study  provides  evidence  that 
staurosporine-induced  cell  death  occurs  primarily  in 
neurons  rather  than  in  astroglia  in  mixed  neuronal-glia 
primary  septo-hippocampal  co-cultures. 

MATERIALS  AND  METHODS 
Septo-Hippocanipal  Cultures 

Eighteen-day-old  rat  fetu.ses  were  removed  from 
deeply  anesthetized  dams.  Septi  and  hippocampi  w'ere 
dissected  in  a  dissection  buffer  (HBSS,  with  4.2  mM 
bicarbonate,  I  mM  pyruvate,  20  mM  HEPES,  3  mg/ml 
BSA,  pH  7.2,5).  After  rinsing  in  DMEM-DM,  tissue  was 
dissociated  by  trituration  through  the  narrow  pore  of  a 
flame-constricted  Pasteur  pipette.  The  dis.sociated  cells 
were  then  resuspended  in  DMEM  with  10%  fetal  calf 
serum  (DMEM- 1  OS)  and  plated  on  24- well  poly-L-lysine 
coated  plastic  culture  plates  or  12  mm  of  German  glass 
(Erie  Scientific  Co.)  at  a  density  of  4..36  X  10-“'  cells/mL. 
Cultures  w'ere  maintained  in  a  humidified  incubator  in  an 
atmosphere  of  5%'  CO2  at  37‘’C.  After  5  days  of  culture, 
the  media  was  changed  to  DMEM-DM.  Subsequent 
medium  changes  were  carried  out  three  times  a  week.  By 
day  10  in  vitro,  astrocytes  fonned  a  confluent  monolayer 
beneath  morphologically  mature  neurons. 

Pharmacological  Treatment 
of  Septo-Hippocampal  Cells 

Staurosporiiie.  Ten-day-old  .septo-hippocampal 
cultures  were  challenged  with  0.0,5-2.0  pM  of  staurospo- 
rine  in  DMEM-DM  and  cell  viability  was  monitored  at 
various  post-injury  time  points.  Staurosporine  was  added 
directly  to  the  media  for  the  entire  duration  of  experi¬ 
ments.  Following  staurosporine  challenge,  cells  were 
fixed  for  staining,  or  protein  or  DNA  extraction  w'as 
performed. 

Calpaiii,  caspasc,  and  protein  synthesis  inhibi¬ 
tors.  Sister  cultures  were  pretreated  with  either  37.5 
pM  calpain  inhibitor  II  (CalpInh-II)  (Boehringer  Mann¬ 
heim,  cat.  no.  1-086-103),  30  pM  of  the  pan-caspasc 
inhibitor  Z-D-DCB  (Parke-Davis  Warner  Lambert),  or  1 
pg/mL  of  the  protein  synthesis  inhibitor  cycloheximide  1 
hr  prior  to  staurosporine  challenge.  The  inhibitor  concen¬ 
trations  used  have  been  previously  shown  to  provide 
optimal  inhibition  of  calpains  (Kampfl  et  al.,  1996), 
caspa.se  3-like  protea.ses  (Nath  et  al.,  1 996a, b),  and 
protein  synthesis  (Koh  et  al.,  1995;  Martin  et  al.,  1988). 
As  pointed  out  below,  experimental  procedures  allowed 
independent  confirmation  that  the  concentrations  of  Calp- 
Inh-II  and  Z-D-DCB  used  in  this  .study  potently  inhibit 
calpains  and  caspase  3-like  proteases.  Following  each 
experiment,  cells  were  fixed  for  staining,  or  protein  or 
DNA  extraction  was  performed. 


Morphological  .Asse.ssmeiits  of  Cell  Damage 

Pluorescein  diacetate  and  propidium  iodide  as- 
.say  of  cell  viability.  Fluorescein  diacetate  (FDA)  and 
propidium  iodide  (PI)  dyes  were  used  to  assess  cell 
viability  at  3  hr  and  6  hr  after  staurosporine  incubation. 
FDA  enters  normal  cells  where  it  is  cleaved  by  esterases 
and  emits  a  green  fluorescence.  Once  cleaved,  FDA  can 
no  longer  permeate  cell  membranes.  Propidium  itxlide  is 
an  intravital  dye  that  is  normally  excluded  from  cells. 
After  injury,  PI  penetrates  cells  and  binds  to  DNA  in  the 
nucleus  and  emits  a  red  fluorescence.  This  technique  is 
commonly  u.sed  to  quantitate  cell  injury  (Jones  and  Senft, 
1985).  Per  Jones  and  Senft  (1985),  a  stock  solution  of 
FDA  (20  mg/ml)  was  dis.solved  in  acetone.  A  PI  slock 
solution  was  prepared  by  dissolving  5  mg/niL  in  1  X 
PBS.  The  FDA  and  PI  working  solutions  were  freshly 
prepared  by  adding  1 0  pL  of  the  FDA  and  3  pL  of  PI  stock 
to  1 0  niL  of  Dulbecco’s  phosphate  buffered  saline  (DPBS). 
Two  hundred  microliters  per  well  of  FDA/PI  working 
solution  was  added  directly  to  the  cells.  The  cells  were 
stained  for  3  min  at  room  temperature  and  then  put  on  ice. 
Stained  cells  were  examined  with  a  fluore.scence  micro¬ 
scope  equipped  with  epi-illumination,  band  pass  450-490 
nm  exciter  filter,  510  nm  chromatic  beam  splitter,  and  a 
long  pass  520  nm  barrier  filler.  This  filter  combination 
permitted  both  green  and  red  fluorescing  cells  to  be  seen 
simultaneously.  The  percent  of  viable  cells  in  control 
cultures  and  following  stauro.sporine  insult  (with  or 
without  protease  and  protein  synthesis  inhibitors)  al 
different  time  points  was  determined  from  three  separate 
experiments  using  FDA/PI.  The  cell  viability  can  be 
determined  since  this  procedure  results  in  the  nuclei  of 
dead  cells  fluorescing  red  while  the  cytoplasm  of  living 
cells  fluoresces  green.  Cell  loss  was  calculated  in  1(K)X 
fields  (five  .sequential  lOOX  fields  were  counted  and 
averaged  per  well)  for  three  wells  in  each  experiment  as  a 
percent  of  total  cell  number. 

IIoech.st  staining  of  apoptotic  nuclei.  Following 
overnight  fixation  in  4%  paraformaldehyde  (PFA)  at  4‘’C, 
cells  grown  on  German  glass  were  washed  three  times 
with  PBS  and  labeled  with  1  pg/rnL  of  the  adenine- 
thymine-base-pair-specific  DNA  dye  Hoechst  33258  (bis- 
benzimide;  Sigma)  in  PBS  for  5-10  min  at  room  tempera¬ 
ture,  using  enough  solution  to  cover  the  cells  completely. 
The  cells  were  rin.sed  twice  with  PBS  and  then  mounted 
with  crystal-mount  medium  (Biomeda).  Cells  were  ob¬ 
served  and  photographed  on  a  phase  and  fluorescence 
microscope  with  a  LIV2A  filter. 

DNA  Fragmentation  Assay 

DNA  gel  electrophoresis  was  done  as  described  in 
Gong  et  al.  (1994).  Briefly,  cells  were  collected  in  the 
same  manner  as  for  immunoblotting.  Cells  in  each 
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treatment  condition  were  collected  by  centrifugation  and 
fixed  in  suspension  in  70%  cold  ethanol  and  stored  in  the 
fixative  at  — (24-72  hr).  Cells  were  then  centrifuged 
at  800g  for  5  min  and  the  ethanol  was  thoroughly 
removed.  The  cell  pellets  were  resuspended  in  40  pL  of 
pho.sphate-citrate  buffer  consisting  of  192  parts  of  0.2  M 
Na2HP04  and  8  parts  of  0. 1  M  citric  acid  (pH  7.8)  at  room 
temperature  for  1  hr.  After  centrifugation  at  1  ,(X)0g  for  5 
min,  the  supernatant  was  transferred  to  new  tubes  and 
concentrated  by  vacuum  in  a  SpeedVac  concentrator  for 
15-30  min.  Three  microliters  of  0.25%  Nonidet  NP-40  in 
distilled  water  was  then  added,  followed  by  3  pL  of  a 
solution  of  DNase-free  RNase  ( 1  mg/mL).  After  30  min 
incubation  at  37‘’C,  3  pL  of  a  solution  of  proteinase  K  ( 1 
mg/mL)  was  added  and  the  extract  was  incubated  for 
additional  30  min  at  37"C.  After  the  incubation,  1  pL  of 
6  X  loading  buffer  (0.25%  bromophenol  blue,  0.25% 
xylene  cyanol  FF,  30%  glycerol  in  water)  was  added  and 
the  entire  content  of  the  tube  was  transferred  to  a  1 .5% 
agarose  gel  and  electrophoresis  was  performed  in  1  X 
TBE  (0.1  M  Tris,  0.09  M  boric  acid,  1  mM  EDTA,  pH 
8.4)  at  40  V  for  2  hr.  The  DNA  in  the  gels  was  visualized 
and  photographed  under  UV  light  after  staining  with 
5  pg/mL  of  ethidium  bromide. 

.\ssessment  of  a-Spectrin  and  PARP  Degradation 

SDS-polyacrj  lamide  gel  electrophoresis  and  im- 
munoblotting.  At  the  end  of  an  experiment,  cells  were 
harvested  from  five  identical  culture  wells  and  collected 
in  1 5  ml  centrifuge  tubes.  The  medium  was  removed  and 
the  pellet  cells  were  rinsed  with  1  X  PBS.  Cells  were 
lysed  in  ice  cold  homogenization  buffer  [20  mM  Tris-HCl 
(pH  7.6),  5  mM  EDTA,  5  mM  EGTA,  1  mM  DTT,  0.5 
mM  PMSF,  10  pg/mL  AEBSF,  5  pg/mL  Leupeptin]  for  30 
min,  and  sheared  through  a  1 .0  mL  syringe  15  times  with 
a  25  gauge  needle.  Protein  content  in  the  samples  was 
assayed  by  the  Micro  BCA  method  (Pierce,  Rockford, 
IL).  For  protein  electrophoresis,  equal  amounts  of  total 
protein  (30  pg)  were  prepared  in  twofold  loading  buffer 
containing  0.25  M  Tris  (pH  6.8),  0.2  M  DTT,  8%  SDS, 
0.02%  Bromophenol  Blue,  and  20%  glycerol,  and  heated 
at  95"C  for  10  min.  Samples  were  re.solved  in  a  vertical 
electrophoresis  chamber  using  a  4%  stacking  gel  over  a 
7%  acrylamide  re.solving  gel  for  1  hr  at  200  V.  For 
immunoblotting,  separated  proteins  were  laterally  trans¬ 
ferred  to  nitrocellulose  membranes  (0.45  pM  )  using  a 
transfer  buffer  consisting  of  0.192  M  glycine  and  0.025 
Tris  (pH  8.3)  with  10%  methanol  at  a  constant  voltage  of 
100  V  for  1  hr  at  d^C.  Blots  were  blocked  overnight  in  5% 
non-fat  milk  in  20  mM  Tris,  0.15  M  NaCl,  and  0.005% 
Tween-20  at  4‘’C.  Comassie  blue  and  Panceau  red  (Sigma, 
St.  Louis,  MO)  were  used  to  stain  gels  and  nitrocellulose 
membranes  (respectively)  to  confirm  that  equal  amounts 
of  protein  were  loaded  in  each  lane. 


Antibodies  and  immunolabeling.  Immunoblots 
were  probed  with  an  anti-a-spectrin  monoclonal  antibody 
(Affiniti  Research  Products,  UK;  cat.  no.  FG  6090,  clone 
AA6)  that  detects  intact  a-spectrin  (240  kD)  and  L50, 
145,  and  120  kD  SBDPs.  The  150  kD  SBDP  has  been 
reported  to  be  a  spectrin  cleavage  product  of  calpain  and 
caspase  proteases  (Nath  et  al.,  1996a,b).  However,  the 
145  kD  SBDP  is  a  specific  proteolytic  fragment  of  calpain 
(Nath  cl  al.,  1996a,b).  In  addition,  the  120  kD  SBDP  is 
reported  to  be  a  specific  proteolytic  fragment  of  caspase 
3-like  activation  (Nath  et  al..  1996a,b).  Following  incuba¬ 
tion  with  the  primary  antibody  (1:4.000  dilution)  for  2  hr 
at  room  temperature,  the  blots  were  incubated  in  peroxi¬ 
dase-conjugated  sheep  anti-mouse  IgG  for  1  hr  (dilution, 
1:10,000).  Enhanced  chemiluminescence  reagents  (ECL, 
Amersham)  were  used  to  visualize  the  immunolabeling 
on  Hyperfilm  (Hyperfilm  ECL,  Amersham).  Following 
ECL  reaction,  nitrocellulose  membranes  were  stripped  of 
their  primary  and  secondary  antibodies  by  submerging 
membranes  in  100  mM  2-mercaptocthanol,  2%  SDS, 
62.5  mM  Tris  (pH  6.7)  and  incubated  at  60"C  for  30  min. 
Membranes  were  then  reprobed  with  an  antibody  (Ab38; 
1:1,000)  that  recognizes  the  calpain-specific  150  kD 
SBDP  (Roberts-Lewis  et  al..  1994),  or  with  anti- 
poly(ADP-ribose)  polymerase  (PARP;  1:I,(K)0;  BioMol, 
Plymouth  Meeting,  PA.  cat.  no.  SA-252).  PARP  is  an 
enzyme  involved  in  DNA  repair  and  in  the  regulation  of 
Ca^^/Mg^^-dependent  endonuclease  (Nelipovich  et  al., 
1988).  PARP  is  cleaved  preferentially  by  caspase  3-like 
proteases  (Rosen  and  Ca.scioIa-Rosen,  1997)  from  a  116 
kD  fonn  to  a  85  kD  fragment  (Nicholson  et  al.,  1995),  and 
PARP  cleavage  is  a  common  occurrence  in  numerous 
apoptotic  systems  (Cohen.  1997).  The  PARP  antibody 
also  labeled  a  non-specific  band  at  approximately  1 20  kD. 
Because  the  PARP  antibody  was  raised  against  human 
PARP,  the  reactivity  is  a  non-specific  cross-species  inter¬ 
action.  Ab38  was  a  generous  gift  of  Dr.  Robert  .Siman, 
Cephalon  Inc.,  West  Chester,  PA.  GFAP  (polyclonal; 
Sigma)  and  MAP-2  (monoclonal;  Sternberger)  were  used 
for  immunocytochemistry. 

Hoechst  33258  Staining  in  Glial 
or  Neuronal  Cell  T^  pes 

To  detennine  the  effects  of  stauro.sporine  on  as¬ 
troglial  and  neuronal  cell  types,  cultures  were  labeled 
immunocytochemically  with  GFAP  (for  astroglia)  or 
MAP-2  (for  neurons)  and  counterstained  with  Hoechst 
33258.  Cultures  were  fixed  in  4%  PFA  for  I  hr  at  4‘'C  and 
washed  and  stored  in  1  X  PBS.  The  cultures  were 
permcabilized  with  0.3%  Triton  X-lOO  for  30  min  and 
blocked  with  1%  normal  horse  or  goat  serum  at  room 
temperature  for  1  hr,  followed  by  incubation  with  GFAP 
(1:1 ,000)  or  MAP-2  (1:1 ,()()())  antibody  overnight  at  4"C. 
The  cultures  were  then  washed  three  times  in  1  X  PBS 
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Staurosporine  Dose  Curve  (  72  hours  ) 


Staurosporine  Time  Course  (  0.5  pM  ) 


Fig.  1.  Concentration  and  time  cour.se  a.ssays  of  staurosporine-induced  cell  death.  .4:  LD50  for 
.stauro.sporine  was  0..‘i  pM  after  72  hr  of  incubation.  B:  Percent  cell  death  following  exposure  to 
0.5  pM  of  stauro.sporine  for  various  durations.  The  0.5  pM  concentration  was  used  for  all 
subsequent  experiments. 


and  incubated  in  horseradish  peroxidase  conjugated  goat 
anti-rabbit  IgG  (for  GFAP)  or  sheep  anti-mouse  IgG  (for 
MAP-2)  (Cappel,  1  ;1,(X)())  for  1  hr.  Cultures  were  washed 
three  times  in  1  X  PBS  and  diaminobenzidine  (DAB) 
(Vector)  was  used  to  vi.sualize  the  reaction.  Following 
incubation  in  DAB,  the  reaction  was  stopped  in  tap  water 
and  the  cultures  were  counterstained  with  Hoechst  33258 
for  5  min.  Following  a  final  wash,  the  cells  were  mounted 
and  coverslipped  with  Cytoseal  280  mounting  medium 
(Stephens).  Each  slide  was  observed  and  photographed  in 
the  same  field  using  light  (for  immunolabeled  cells)  and 
flttore.scence  (for  Hoechst  33258  labeled  cells)  micros¬ 
copy.  A  phase  contrast  microscope  (axiovert  135)  was 
used  to  distinguish  glial  and  neuronal  cell  types  ba.sed  on 
immunocytochemical  staining  and/or  phenotypical  char¬ 
acteristics. 

Statistical  Analy.scs 

Each  experiment  was  performed  three  times  and 
data  were  evaluated  by  analysis  of  variance  (ANOVA) 
with  a  post  hoc  Tukey  test.  Values  are  given  as  mean 
SEM.  Differences  were  considered  significant  if  P  < 
0.05. 

RESULTS 

Effects  of  Staurosporine  on  Septo-Hippocampal 
Glial-Neuronal  Co-Cultures 

Do.se-  and  time-dependent  cell  death.  An  initial 
dose-response  assay  was  performed  to  determine  the 
concentration  of  staurosporine  to  be  u.sed  for  all  subse¬ 
quent  experiments.  Propidium  iodide  and  fluore.scein 


diacetate  were  used  to  assess  cell  death  and  membrane 
integrity.  Exposure  of  .septo-hippocampal  cultures  to 
0.05-2.0  pM  of  staurosporine  induced  dose-dependent 
cell  death  with  an  LD50  for  0.5  pM  staurosporine  at  72  hr 
(Fig.  lA).  The  0.5  pM  concentration  was  u.sed  for  all 
experiments,  and  this  concentration  has  been  used  to 
induce  apoptosis  in  other  cell  systems  (Bertrand  et  al., 
1994;  Nath  et  al.,  1996a).  The  percentage  of  cells  that 
stained  for  PI  following  exposure  to  0.5  pM  staurosporine 
was  3,  5,  13,  32, 42,  50,  and  87%  at  1  hr,  3  hr,  6  hr,  24  hr, 
48  hr,  72  hr,  and  120  hr  (respectively)  (Fig.  IB). 

Morphological  respon.se  to  staurosporine  chal¬ 
lenge.  Staurosporine-treated  septo-hippocampal  cul¬ 
tures  underwent  morphological  alterations  in  cell  struc¬ 
ture  that  arc  characteristic  of  apoptosis  (Falcieri  et  al., 
1993).  For  example,  at  1  hr  following  0.5  pM  staurospo¬ 
rine.  blebbing  of  the  cytoplasmic  membrane  was  apparent 
with  no  significant  nuclear  uptake  of  PI.  Following 
exposure  to  staurosporine  for  increasingly  longer  dura¬ 
tions,  the  number  of  cells  demonstrating  membrane 
blebbing  and  nuclear  uptake  of  PI  increased  (Fig.  2). 

In  order  to  confirm  the  apoptotic  response  of 
stauro.sporine  on  septo-hippocampal  cultures,  Hoech.st 
33258  was  u.sed  to  stain  nuclear  chromatin.  Hoechst 
33258  staining  detected  chromatin  condensation  along 
the  periphery  of  the  nuclear  envelope,  followed  by 
fragmentation  of  the  nucleus  into  den.se  micronuclear 
bodies  (Fig.  3).  High  magnification  (lOOX  objective) 
fluorescence  microscopy  did  not  reveal  any  nuclear 
morphological  alterations  at  1  hr.  After  3  hr,  some  nuclei 
demonstrated  alterations  in  nuclear  shape  with  slight 
condensation  of  chromatin  (Fig.  3B,G).  However,  by  6  hr, 
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Fig.  2.  Fluorescein  diacetate  (FDA)  and  propidium  iodide  (PI) 
staining  of  septo-hipptK-ampal  cultures  undergoing  apoptosis. 
A:  Control  cultures.  Note  normal  .somal  stnicture  in  cells  that 
take  up  FDA  (green  fluorescence)  and  the  lack  of  PI  uptake. 
B,C:  By  24  hr  of  .staurosporinc  challenge,  numerous  cells  have 
lost  retention  of  FDA  and  bind  PI  to  their  nucleus  (red 
fluore.scence).  In  addition,  membrane  blebbing  is  evident  in 
mo.st  cells  staining  for  FDA.  indicating  a  preserved  integrity  of 
the  plasma  membrane  characteristic  of  apoptosis.  C:  Curved 
arrow,  membrane  blebbing;  closed  arrow,  nuclear  uptake  of  PI; 
open  arrow,  apoptotic  nucleus.  .Scale  bars  =  10  pm  (B)  and 
5  pm  (C). 


condcn.sation  and  migration  of  chromatin  to  the  nuclear 
envelope  was  evident  in  .some  cells  (Fig.  .IC.H).  By  24  hr, 
numerous  cells  were  observed  to  be  in  various  stages  of 
nuclear  disasseitibly,  including  nuclear  condensation, 
migration  of  chromatin  to  the  periphery  of  the  nucleus, 
and  the  formation  of  dense  apoptotic  bodies  (Fig.  3D,1). 
By  72  hr,  there  was  a  faded  and  diffuse  fluorescence  of 
Hoechst  33258.  indicating  digestion  of  the  chromatin, 
possibly  by  endoniiclea.scs  and/or  by  phagocytes  (Fig. 
3E,F). 

DN.A  fragmentatiun.  Condensation  and  aggrega¬ 
tion  of  chromatin  at  the  nuclear  membrane  may  occur 
independent  of  endonuclea.se  activation  (Oberhammer  et 
al.,  1993).  Thus,  a  DNA  fragmentation  assay  was  used  to 
assess  whether  the  apoptotic  response  to  staurosporine  in 
septo-hippocampal  cultures,  indicated  by  Hoechst  33258 
staining,  was  associated  w'ith  endonuclease  activity.  Fig¬ 
ure  4A  shows  the  characteristic  pattern  of  nucleosomal 
sized  DNA  fragments  following  exposure  to  0.5  pM 
staurosporine.  .Although  Hoechst  33258  revealed  migra¬ 
tion  of  chromatin  to  the  nuclear  envelope  at  3  hr,  there 
was  no  DNA  ladder  al  this  time  point  (Fig.  4B).  How'ever, 
a  pronounced  ladder  of  fragmented  DNA  was  evidenced 
at  6,  24,  and  72  hr  following  staurosporine  administration 
(Fig.  4A). 

Staurosporine  induces  selective  neuronal  apopto¬ 
sis  in  septo-hippocampal  cultures.  To  identify  the 
kind  of  cell  (i.e..  astroglial  vs.  neuronal)  committed  to 
apoptosis,  cultures  were  stained  with  Hoechst  33258  and 
with  GFAP  (for  astrocytes)  or  with  MAP-2  (for  neurons). 
The  neuronal  layer  stained  w'ith  MAP-2  (or  identified 
morphologically  in  the  absence  of  MAP-2  labeling) 
tlemonstrated  a  dramatic  loss  of  MAP-2  immunolabeling. 
Loss  of  MAP-2  immunoreactivity  preceded  neuronal 
chromatin  condensation  revealed  by  Hoechst  33258  stain¬ 
ing.  This  finding  suggests  that  calpain  and/or  other 
protease  activation  (responsible  for  MAP-2  processing)  is 
an  event  upstream  from  nuclear  chromatin  condensation 
(Fig.  5A,B).  In  contrast,  exposure  to  high  concentrations 
of  stauro.sporine  (2.0  pM;  data  not  shown)  for  as  long  as 
72  to  120  hr  produced  widespread,  but  reversible  alter- 


Fig.  3.  Course  of  nuclear  morphologic  alterations  during 
staurosporine-itiduced  apoptosis.  .\,F:  Hoechst  33258  nuclear 
stain  of  normal  control  cultures.  B.d;  .Staurosporine,  3  hr: 
alterations  in  nuclear  shape  and  slight  chromatin  condensation 
are  evident.  C,H:  Staurosporine,  6  hr:  increased  condensation 
and  migration  of  chromatin  to  nuclear  envelope.  D,I:  Staurospo¬ 
rine,  24  hr:  numerous  cells  in  various  stages  of  nuclear 
disassembly,  including  chromatin  condensation,  migration,  and 
formation  of  dense  apoptotic  bodies.  EJ;  Staurosporine,  72  hr: 
faded  and  diffuse  fluore.scence  of  Hoechst  33258  indicating 
digestion  of  the  chromatin  by  endonucleases  anti/or  phagocytes. 
Scale  bars  =  10  pm  ( A,B,C.D,F)  and  I  pm  (F,G,H,1.J). 


Figure  3. 
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Fig.  4.  Time  course  oligonucleosomal  sized  fragmentation  of 
DNA  by  endonucleases  and  inhibition  by  CalpInh-II,  Z-D- 
DCB,  and  cyclohexiinide.  A:  Staurosporine-induced  apoptosis 
is  associated  with  DNA  laddering  on  agarose  gels  at  6,  24,  and 
72  hr,  but  not  at  I  or  3  hr  (A,B).  B:  Endonuclease  DN.A 


ations  in  astrocyte  morphology  (i.e.,  vacuolization)  and 
only  limited  astrocytic  cell  death  (data  not  shown). 
However,  concentrations  of  staurosporine  below  2.0  pM 
did  not  kill  astrocytes  or  alter  the  pattern  of  GFAP 
staining  (Fig.  5C).  In  addition,  phase  contrast  microscopy 
revealed  that  the  astrocytic  cell  layer  was  completely  void 
of  overt  chromatin  condensation  or  .segmentation  at  all  time 
points  following  staurosporine  administration  (Fig.  5D). 

C'alpain  and  Caspase  3-Like  Proteolysis 
of  «-Spectrin  and  PARP 

In  addition  to  causing  apoptosis,  exposure  to  0.5 
pM  staurosporine  caused  a  time  dependent  proteolysis  of 
neuronal  a-spectrin  by  calpain  and  caspase  3-like  prote¬ 
ases  (Fig.  6A,B).  At  3  hr  following  .staurosporine  admin- 
i.stration,  there  was  an  increase  in  caspase  3-like  specific 
120  kD  SBDP  (Fig.  6A)  and  calpain-specific  150  kD 
SBDP  (Fig.  6B).  At  6  hr  following  .staurosporine  adminis¬ 
tration,  the  native  240  kD  a-spectrin  protein  was  undetect¬ 
able  on  immunoblots  while  further  processing  of 
a-spectrin  to  the  caspase  3-Iike  specific  120  kD  SBDP 
(Fig.  6A)  and  the  calpain-specific  150  kD  SBDP  (Fig.  6B) 
was  evident  (Fig.  6A).  Additionally,  processing  of  PARP 
(116  kD)  to  a  85  kD  fragment  by  caspase  3-Iike  proteases 
was  readily  detected  at  3  hr  (Fig.  6C).  Importantly, 
although  proteolysis  of  a-spectrin  by  calpain  and  caspase 
3-like  proteases,  and  PARP  by  caspase  3-like  protease 


fragmentation  is  differentially  attenuated  by  Calpinh-Il,  Z-D- 
DCB,  Calplnh-fl  +  Z-D-DCB,  and  cycloheximide  with  cyclo- 
heximide  and  the  combined  inhibitors  producing  the  most 
marked  effect. 


was  evident  by  3  hr  following  staurosporine  administra¬ 
tion,  DNA  laddering  was  not  evident  at  this  time  point 
(Fig.  4B).  These  results  indicate  that  processing  of 
a-spectrin  by  calpain  and  caspase  3-Iike  proteases  and 
processing  of  PARP  by  caspase  3-like  protease  are  events 
initiated  at  .some  time  prior  to  endonuclease  activation 
and  subsequent  DNA  fragmentation. 

Effects  of  CalpInh-II,  Z-I)-DCB,  or  Cyclohe.ximide 
on  o-Spectrin  and  PARP  Proteolysis,  DNA 
Fragmentation,  and  Cell  Viability 

To  investigate  the  relative  contributory  effects  of 
calpain  and/or  caspase  3  or  caspase  3-Iike  proteases  on 
staurosporine-induced  cell  viability,  a-spectrin  and  PARP 
proteolysis,  and  on  the  apoptotic  response  in  primary 
.septo-hippocarnpal  cultures,  the  effects  of  a  calpain 
inhibitor  (CalpInh-II),  a  pan-caspase  inhibitor  (Z-D- 
DCB),  or  a  non-selective  inhibitor  of  protein  synthesis 
(cycloheximide)  were  examined.  In  addition,  the  co¬ 
administration  of  CalpInh-II  and  Z-D-DCB  was  also 
investigated. 

a-Spectrin  and  PARP  proteolysis.  Three  hours 
following  staurosporine-induced  apoptosis  in  primary 
septo-hippocarnpal  cultures,  37.5  pM  CalpInh-II  slightly 
increa.sed  the  level  of  native  240  kD  a-spectrin  (Fig.  6A) 
and  almost  completely  blocked  the  formation  of  the 
calpain-.specific  150  kD  SBDP  (Fig.  6B).  Calpinh-Il  had 
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Fig.  5.  Apoptosis  in  neuronal  but  not  astroglial  cell  types  in 
mixed  glial-neuronal  .septo-hippocampal  cultures.  Pha.se- 
contrast  light  microscopy  of  double  labeled  neurons  stained 
with  MAP-2  (A)  and  Hoechst  33238  (B),  or  astroglial  cells 
double  labeled  with  GFAP(C)  and  Hoechst  33238  (D).  Neurons 
underwent  a  dramatic  loss  in  MAP-2  immunolabeling  that 
preceded  chromatin  condensation  revealed  by  the  Hoechst 
stain.  Neurons  stained  with  MAP-2  (straight  arrow'.  A)  were 
only  w'eakly  positive  for  Hoechst  33238  (straight  arrow.  B). 
Apoptotic  neurons  that  have  lost  MAP-2  immunorcactivity  but 


demonstrate  a  neuronal  phenotype  (curved  arrow.  A)  show' 
increased  Hoechst  staining  (curved  arrow.  B)  and  morphology 
characteristic  of  membrane  blebbing.  In  contrast,  astroglial 
morjihology  is  well  preserved  (C)  and  astroglial  nuclei  show 
little  or  no  staining  for  Hoechst  33238  (D).  Closed  arrowheads 
(C.D)  indicate  neurons  that  are  not  immunorcactive  for  GFAP 
but  are  Hoechst  33238  positive.  Open  arrowheads  (C.D) 
indicate  GFAP  positive  astroglia  that  arc  not  positive  for 
Hoechst  33238.  .Scale  bar  =  3  pm. 


no  effect  on  the  ca.spa.se  3-like  .specific  1 20  kD  .SBDP.  In 
contrast.  30  pM  Z-D-DCB  had  no  effect  on  the  calpain- 
specific  150  kD  .SBDP.  However,  Z-D-DCB  almost 
completely  blocked  the  accumulation  of  the  caspa.se 
3-like  specific  120  kD  SBDP  and  resulted  in  an  increased 
level  of  the  non-specific  150  kD  SBDP.  The  protein 
synthesis  inhibitor,  cycloheximide  ( 1  pg/mL),  completely 
prevented  the  accumulation  of  all  SBDPs  regardless  of 
the  antibody  employed.  In  addition,  accumulation  of  the 
caspa.se  3-like  specific  85  kD  fragment  to  PARP  was 
blocked  by  Z-D-IX'B  and  cycloheximide  at  3  hr  after 
staurosporine  administration  (Fig.  6C). 

Six  hours  following  staurosporine-induced  apopto¬ 
sis  in  primary  .septo-hippocampal  cultures,  CalpInh-II 


almost  completely  blocked  the  fonnation  of  the  calpain- 
specific  150  kD  SBDP  and  had  no  effect  on  the  caspase 
3-like  .specific  120  kD  SBDP  (Fig.  6A,B).  How'ever, 
Calplnh-11  w'as  unable  to  preserve  any  detectable  levels 
of  the  native  240  kD  a-spectrin  protein  (F-ig.  6A).  In 
contrast,  Z-D-DCB  almost  completely  blocked  the  forma¬ 
tion  of  the  caspase  3-likc  specific  120  kD  SBDP  and  had 
no  effect  on  the  calpain-specific  150  kD  SBDP  (Fig. 
6A.B).  As  with  Calpinh-ll,  Z-D-DCB  was  unable  to 
preserve  any  detectable  levels  of  the  native  240  kD 
a-spectrin  protein  (Fag.  6A).  However,  the  combination 
of  CalpInh-11  +  Z-D-DCB  was  able  to  attenuate  loss  of 
native  240  kD  a-spectrin  (Fig.  6D).  The  protein  synthesis 
inhibitor,  cycloheximide,  completely  prevented  the  accu- 
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Fig.  6.  Calpain  and  ca.spa.se  3-like  protease  activation  tKcurs 
downstream  from  protein  upregulation.  Proteolysis  of 
a-spectrin  into  caspa,se  3-like  .specific  120  kD  (A)  and  calpain- 
specilic  150  kD  (B)  SBDPs  was  blocked  by  Z-D-DCB  and 
Calpinh-ll  (respectively)  at  both  3  and  6  hr  of  staurosporine 
exposure.  Cycloheximide  eompletely  prevented  accumulation 
of  SBDPs  to  each  protease  and  prevented  loss  of  intact  levels  of 
a-spectrin,  suggesting  that  expression  of  protein(s)  are  neces¬ 


sary  for  calpain  and  caspase  activation  (A,B).  Caspase  cleavage 
of  PARP  3  hr  following  staurosporine  treatment  was  also 
inhibited  by  Z-D-DCB  and  cycloheximide,  but  not  by  Calp- 
Inh-11  (C).  I):  C’ombined  administration  of  CalpInh-II  f 
Z-D-DCB  was  more  effective  than  either  inhibitor  alone, 
providing  greater  preservation  of  intact  a-spectrin  protein 
levels. 


mulation  of  all  SBDPs  regardless  of  the  antibody  em¬ 
ployed,  and  prevented  the  loss  of  the  native  240  kD 
a-spectrin  protein  (Fig.  6A,B).  Interestingly,  by  6  hr  of 
staurosporine  administration.  PARP  protein  (116  kD)  was 
no  longer  detectable  on  immunoblots.  In  addition,  the 
caspase  3-like  specific  85  kD  PARP  fragment  was  barely 
detectable  on  Western  blots,  suggesting  that  the  85  kD 
fragment  was  further  digested  by  one  or  more  other 
proteases.  However,  administration  of  Z-D-DCB  was 
observed  to  partially  preserve  the  level  of  PARP  and  the 


85  kD  fragment  (Fig.  6C).  Cycloheximide  completely 
prevented  processing  of  PARP  at  6  hr  (Fig.  6C). 

DNA  fragmentation.  As  discus.sed  above,  there 
was  no  visualization  of  a  DNA  ladder  following  agarose 
gel  electrophoresis  at  3  hr  of  staurosporine  incubation, 
nor  was  there  any  evidence  of  a  DNA  ladder  in  Calplnh- 
II,  Z-D-DCB,  or  cycloheximide  treated  cells  (Fig.  4B). 
By  6  hr  of  staurosporine  incubation,  DNA  fragmentation 
into  nucleosomal  ladders  was  evident  on  agarose  gels. 
The  protease  inhibitors  Calpinh-ll,  Z-D-DCB,  and 
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Fig.  7.  Preservation  of  ceil  viability  by  Calpinh-ll,  Z-D-DCB, 
or  cycloheximide.  After  3  hr  of  .staurosporine  incubation, 
cycloheximide  or  the  co-administration  of  CalpInh-II  Z-D- 
DCB  attenuated  PI  uptake  compared  to  staurosporine-chal- 
lengcd  cultures  treated  with  media.  After  6  hr  of  staurosporine 
incubation,  Calplnh-11,  Z-D-DCB,  Calpinh-ll  -V  Z-D-DCB,  and 
cycloheximide  each  attenuated  PI  uptake  with  cycloheximide  > 


Calplnh-Il  f  Z-D-DCB  >  Z-D-DCB  >  CalpInh-II.  Cyclohexi¬ 
mide  was  able  to  completely  prevent  cell  death  after  staurospo¬ 
rine  challenge.  By  6  hr,  CalpInh-II  -I-  Z-D-DCB  was  not 
.statistically  significant  from  Z-D-DCB  alone.  ***p  <  O.fXIl 
compared  to  media-treated;  #P  <  0.05  and  M#P  <  0.001 
compared  to  CalpInh-II;  ♦♦♦/'  <  0.(X)1  compared  to  Z-D- 
DCB. 


Calplnh-II  -t-  Z-D-DCB  each  attenuated  the  intensity  of 
DNA  fragmentation  observed  on  agarose  gels  with 
CalpInh-II  having  the  weakest  inhibitory  effect  and  with 
the  combination  of  CalpInb-II  -F  Z-D-DCB  having  the 
largest  inhibitory  effect.  Only  cylcoheximide  was  ob¬ 
served  to  completely  prevent  DNA  fragmentation  by 
endonucleases  (Fig.  4B). 

Ceil  viability  measurements.  Propidium  iodide 
(PI)  and  fluorescein  diacetate  (FDA)  were  u.sed  to  as.sess 
cell  viability  at  3  and  6  hr  following  .staurosporine  and/or 
administration  of  CalpInh-II,  Z-D-DCB,  CalpInh-II  + 
Z-D-DCB,  or  cycloheximide  (Fig.  7).  Nuclear  uptake  of 
PI  was  almost  absent  from  control  cultures  at  3  hr.  In 
addition,  fluore,scein  diacetate  staining  was  uniformly 
distributed  among  cells  indicating  cellular  membrane 
integrity.  In  contrast,  a  significant  {P  <  0.(X)1)  percentage 
(5.0%)  of  cells  stained  for  PI  at  3  hr  in  staurosporine 
treated  cultures  compared  to  controls.  In  the  presence  of 


staurosporine,  neither  Calplnh-II  nor  Z-D-DCB  signili- 
cantly  reduced  the  percentage  of  PI  stained  cells  com¬ 
pared  to  media  treated  cells  (4.0%  and  3.8%,  respec¬ 
tively)  (Fig.  7).  In  contrast,  cycloheximide  or  the  co¬ 
administration  of  CalpInh-II  -I-  Z-D-DCB  was  found  to 
significantly  attenuate  PI  uptake  at  3  hr  (P  <  0.001).  In 
addition,  cycloheximide,  but  not  Calplnh-II  +  Z-D-DCB, 
completely  ameliorated  PI  uptake  compared  to  normal, 
unchallenged  controls. 

Six  hours  following  staurosporine  administration, 
the  percentage  of  cells  stained  for  PI  increased  to  20%. 
The  percentages  of  PI  stained  cells  for  the  Calplnh-II, 
Z-D-DCB,  Calpinh-Il  +  Z-D-DCB,  and  cycloheximide 
conditions  were  15.0,  11.5,  8.0,  and  2.3%,  respectively 
(Fig.  7).  Thus,  each  of  the  inhibitors,  including  the 
combination  of  calpain  and  caspa.se  inhibitors,  signifi¬ 
cantly  reduced  nuclear  uptake  of  PI  (P  <  0.001 )  follow¬ 
ing  6  hr  of  staurosporine  challenge.  In  addition,  Z-D- 
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DCB  and  Calplnh-11  +  Z-D-DCB  provided  significantly 
more  protection  than  did  CalpInh-II  (P  <  0.05  and  P  < 
0,001).  Although  there  was  a  trend  toward  an  additive 
protective  effect  of  Calplnh-11  +  Z-D-DCB  compared  to 
Z-D-DCB  alone,  this  effect  was  not  statistically  signifi¬ 
cant  (P  >  0.05).  Cycloheximidc  provided  the  greatest 
level  of  protection  as  compared  to  Calplnh-11  or  Z-D- 
DCB  (P  <  0.001  for  each  compari.son). 


DISCUSSION 

The  results  of  this  investigation  indicate  that  stauro- 
sporine  (0.5  pM)  induces  .selective  neuronal  apoptosis 
and  eventual  cell  death  in  mixed  glial-neuronal  septo- 
hippcx:ampal  cultures.  During  staurosporine-induced  apop¬ 
tosis,  the  submembrane  cytoskeletal  protein  a-spectrin 
was  proces.sed  by  both  calpains  and  caspa.se  3-like 
proteases  prior  to  endonuclea.se  DNA  fragmentation. 
Administration  of  a  calpain  inhibitor  (Calplnh-11)  or  a 
pan-caspase  inhibitor  (Z-D-DCB)  potently  prevented 
protease  specific  processing  of  a-spectrin  and  attenuated 
endonuclease  DNA  fragmentation  and  nuclear  uptake  of 
PI.  These  findings  are  in  accord  with  other  recent  papers 
that  have  implicated  calpain  as  a  potential  effector  of  the 
apoptotic  cascade  (Behrens  et  al.,  1995;  Jordan  ct  al., 
1997;  Nath  et  al.,  1996a,b;  Squier,  1994).  However,  no 
previous  studies  have  suggested  that  both  families  of 
cysteine  protea.ses  could  additively  and  independently 
contribute  to  neuronal  apoptotic  cell  death.  An  additional 
novel  finding  of  this  investigation  was  that  inhibition  of 
protein  synthesis  (by  cycloheximidc)  completely  pre¬ 
vented  both  calpain  and  caspase  3-like  protease  activa¬ 
tion,  placing  de  novo  protein  synthesis  upstream  from 
calpain  and  caspase  3-like  activation. 

Staurusporine-Indiiced  Apoptosis  in  Primary 
.Septo-Hippocampal  Cultures 

.Staurosporine,  a  non-specific  protein  kinase  inhibi¬ 
tor,  induces  apoptosis  in  a  wide  variety  of  cell  lines  (e.g., 
MOLT-4,  HL-60,  CA46,  HT-29,  SUEDHL6,  SH-SY5Y, 
Jurkat  T-)  and  primary  culture  systems  (cerebellar  granule 
neurons,  mixed  cortical  cultures)  (Bertrand  et  al.,  1994; 
Cagnoli  et  al.,  1 996;  Falcieri  etal.,  1993;  Koh  ct  al.,  1995; 
Nath  et  al.,  1996a.b),  suggesting  that  staurosporine 
activates  a  common  biochemical  pathway  that  may  be 
important  lor  elucidating  critical  components  of  the 
apoptotic  cascade  (Bertrand  et  al.,  1994).  In  this  invest- 
gation,  we  have  extended  the  generality  of  stauro- 
sporine-induced  apoptosis  to  include  mixed  glial-neuronal 
.septo-hippocampal  primary  cell  cultures.  In  primary 
septo-hippocampal  cultures,  .staurosporine  (0.5  pM)  pro¬ 
duced  characteristic  apoptotic  morphological  alterations 
in  cell  membrane  and  nuclear  stnictures,  endonuclease 
DNA  fragmentation,  and  eventual  cell  death.  Consi.stent 


with  Koh  et  al.  ( 1 995),  staurosporine-induced  apoptotic 
alterations  occurred  primarily  in  neurons  whereas  as¬ 
troglial  cells  were  largely  unaffected  by  staurosporine. 
Characterization  of  apoptotic  responses  in  primary  .septo- 
hippocampal  cultures  is  an  important  feature  of  this 
investigation  since  the  hippocampus  is  particularly  vulner¬ 
able  to  various  CNS  injuries  in  vivo,  including  cerebral 
ischemia  (Jenkins  et  al.,  1989)  and  traumatic  brain  injury 
(Lyeth  et  al.,  1990).  In  addition,  an  increasing  number  of 
reports  have  demonstrated  apoptotic  cell  death  in  the 
hippocampus  following  cerebral  ischemia  (Honkaniemi 
et  al.,  1996;  MacManus  ct  al.,  1993;  Nitatori  et  al.,  1995) 
and  traumatic  brain  injury  (Colicos  and  Dash,  1996; 
Conti  et  al.,  1996;  Rink  et  al.,  1995;  Yakovlev  et  al., 
1997).  Thus,  primary  .septo-hippocampal  cell  cultures 
provide  an  efficient  in  vitro  tool  for  the  investigation  of 
biochemical  alterations  relevant  to  in  vivo  CNS  neuropa¬ 
thologies. 

Effects  of  Cyclohexiniide  on  Apoptotic  Morphology 
and  DNA  Fragmentation 

The  protein  synthesis  inhibitor,  cycloheximidc, 
blunted  calpain  and  caspase  3-iike  activation  and  apop¬ 
totic  cell  death.  De  novo  expression  of  several  mamma¬ 
lian  gene  products  (e.g.,  bak,  bax,  bcl-xs,  p53)  as  well  as 
the  protective  effect  of  protein  synthesis  administration 
following  global  ischemia  suggests  that  death  regulatory 
proteins  play  an  important  role  in  apoptotic  cell  death 
(Chopp  et  al.,  1992;  Krajewski  et  al.,  1995;  Shigeno  et  al.. 
1990;  Papas  et  al.,  1992).  However,  de  novo  synthesis  of 
death  regulatory  proteins  is  not  a  requisite  step  for 
apoptosis  to  occur  in  some  model  systems  (Bertrand  et 
al.,  1994;  Raff  et  al.,  1993;  Squire  et  al.,  1994).  In  the 
present  investigation,  protein  synthesis  inhibition  com¬ 
pletely  prevented  apoptosis  and  DNA  fragmentation, 
suggesting  that  protein  upregulation  is  a  major  compo¬ 
nent  ot  staurosporine-induced  apoptosis  in  primary  septo- 
hippocampal  cultures.  This  observation  is  consistent  with 
the  findings  of  Koh  et  al.  ( 1995),  who  also  demonstrated  a 
protective  effect  of  cycloheximidc  following  staurospo- 
rine  challenge  in  neuronal  cortical  cell  cultures.  An 
important  and  novel  finding  of  this  investigation  is  the 
observation  that  cyclohexiniide  prevents  calpain  and 
caspase  3-like  activation.  This  finding  suggests  a  causal 
link  between  de  novo  protein  synthesis  and  the  subse¬ 
quent  activation  of  at  least  two  families  of  cysteine 
proteases,  calpains  and  caspases,  in  staurosporine- 
induced  apoptosis.  The  identity  of  this  newly  synthesized 
proteinfs)  is  currently  unknown.  However,  since  one 
recent  paper  has  reported  that  neuroprotective  concentra¬ 
tions  of  cyclohexiniide  can  induce  expression  of  the 
antiapoptotic  gene  product  Bcl-2  in  rat  hippocampal  cell 
cultures  (Furukawa  et  al.,  1997),  further  studies  must 
clarify  mechanisms  by  which  cyclohexiniide  exerts  its 
neuroprotective  effects. 
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l)e  Novo  Protein  Synthesis  Is  a  Requirement  for 
Calpuin  and  Caspase  3-I^ike  Protease  Activation 

The  pattern  of  a-spectrin  processing  by  calpains 
and  caspase  3-like  proteases,  and  the  effects  of  cyclohexi- 
niide,  CalpInh-II,  and  Z-D-DCB  reveal  a  temporal  se¬ 
quence  ol  events  that  occur  prior  to  DNA  damage  and 
significant  morphological  alterations.  The  results  of  this 
investigation  indicate  that  protein  synthesis  occurs  prior 
to,  and  is  a  requirement  for,  activation  of  both  calpains 
and  caspase  3-like  cysteine  proteases  in  staurosporine- 
induced  apoptosis  of  .septo-hippocampal  cells.  This  argu¬ 
ment  is  supported  by  the  observation  that:  I)  calpain-  and 
caspase  3-like  specific  fragments  to  a-spectrin,  and 
caspase  3  processing  of  PARP,  occur  prior  to  any 
evidence  of  DNA  fragmentation,  and  2)  cycloheximide 
completely  prevents  the  accumulation  of  a-spectrin  and 
PARP  cleavage  products  as  well  as  completely  preventing 
processing  of  intact  a-.spectrin  and  PARP  for  up  to  6  hr 
following  staurosporine  administration.  The  absence  of 
calpain  and  caspase  3-like  cleavage  products  to 
a-spectrin  and  PARP  indicate  that  these  proteases  do  not 
become  active  if  protein  synthesis  is  prevented  from 
occurring.  Although  it  could  be  argued  that  cyclohexi¬ 
mide  itself  inhibits  protease  activity,  cycloheximide  does 
not  have  any  inhibitory  properties  on  proteases  where 
protein  synthesis  is  not  a  requirement  for  cell  death 
(Cohen,  1991 ).  For  example,  we  have  recently  found  that 
in  septo-hippocampal  cultures  exposed  to  the  Ca^”*^  chan¬ 
nel  agonist  maitotoxin,  which  produces  non-apoptotic 
cell  death,  cycloheximide  was  not  effective  in  preventing 
a-spectrin  degradation  or  ceil  death.  In  contrast.  Calp- 
Inh-II  attenuated  both  a-spectrin  fragmentation  and  cell 
death  after  exposure  to  maitotoxin  (unpublished  data). 

KfTects  of  Calpain  and  C'aspase 
Inhibitors  During  Apoptosis 

The  calpain  inhibitor  Calplnh-II  and  the  pan- 
caspa,se  inhibitor  Z-D-DCB  were  each  found  to  attenuate 
apoptotic  morphological  alterations  (indicated  by  Hoechst 
33258),  endonuclease  activation  (indicated  by  electropho¬ 
retic  DNA  fragmentation),  and  cell  death  (PI  staining) 
following  staurosporine  challenge.  The  co-administration 
of  CalpInh-II  with  Z-D-DCB  was  found  to  produce  the 
most  robust  inhibitory  respon.se  to  staurosporine  regard¬ 
less  of  the  outcome  measure  employed.  No  previous 
studies  have  sugge.stcd  that  both  calpain  and  caspase 
3-like  proteases  could  contribute  independently  to  neuro¬ 
nal  apoptosis.  In  addition,  few  reports  (Nath  et  al., 
1996a,b;  Vanags  et  al.,  1996)  have  investigated  the 
relative  roles  of  the  calpain  and  caspase  families  of 
cysteine  proteases  during  apoptosis.  In  accord  with  Nath 
et  al.  (1996b),  CalpInh-II  and  Z-D-DCB  were  both  found 
to  significantly  attenuate  staurosporine-induced  apoptosis 


and  cell  death.  The  present  investigation  found  that 
Z-D-DCB  was  able  to  prevent  DNA  fragmentation  and 
cell  death  to  a  greater  degree  than  CalpInh-II  (Figs.  4b, 
7a,b).  Importantly,  this  investigation  provides  indepen¬ 
dent  confirmation  that  both  CalpInh-II  and  Z-D-DCB 
potently  inhibited  calpain  and  caspa.se  3-like  activation  at 
the  concentrations  used  in  this  study,  further  confirming 
that  calpains  and  ca.spa.se  3-like  proteases  independently 
regulate  cellular  events  that  contribute  to  staurosporine- 
induced  apoptosis. 

Caspase  3-like  protea.se.s  are  known  to  attack  numer¬ 
ous  cytoplasmic  and  nuclear  proteins,  including  a-spectrin 
(Nath  et  al.,  1996a,b;  Martin  et  al.,  1995;  Vanags  et  al.. 

1996)  and  poly(ADP-ribo.se)  polymera.se  (PARP)  (Lazeb- 
nik  et  al.,  1994).  Becau.se  Z-D-DCB  is  a  pan-caspase 
inhibitor,  use  of  Z-D-DCB  could  inhibit  multiple  ca.spa.se 
family  members  linked  to  apoptosis,  including  the  ca.spa.se 
3-like  protea.se.s.  caspase  6  (Mch2),  caspase  7  (Mch3/ICE- 
LAP3/CMH-1),  and  caspase  8  (MACH/FLICE/Mch5) 
(Cohen,  1997;  Zhivotovsky  et  al.,  1997).  In  addition, 
Z-D-DCB  may  also  have  inhibitory  control  over  the 
ca.spa.se  I  family.  However,  recent  reports  indicate  that 
caspase  l-like  proteases,  caspase  1  (ICE),  caspase  4 
(Ich-2/TX/lCEreilI),  and  ca.spa.se  5  {ICE„illl/TY)  may  not 
be  involved  in  apoptotic  responses  (Cohen,  1997;  Elda- 
dah  et  al.,  1997;  Nath  et  al.,  1996a;  Zhivotovsky  et  al., 

1997) .  For  example,  Nath  et  al.  (1996b)  found  no 
evidence  of  a  pro-caspa.se  1  (ICE)  signal  or  any  autolytic 
fragments  to  caspase  2  (ICH-1)  in  apoptotic  rat  cerebellar 
granule  cells  or  human  SH-SY5Y  cells.  In  contrast,  the 
Nath  et  al.  study  did  ob.serve  fragmentation  of  the 
pro-caspa.se  3  (CPP32)  protein  (32  kD)  to  the  active 
isoform  (17  kD)  and  found  the  120  kD  SBDP  to  be 
preferentially  produced  by  caspase  3-Iike  proteases.  Simi¬ 
larly,  Eldadah  et  al.  (1997)  found  that  the  caspa.se  l-like 
inhibitor  z-YVAD-fmk  was  not  protective  against  apopto¬ 
sis  produced  by  .serurn/K*  deprivation  in  cerebellar 
granule  cells,  whereas  the  caspase  3-like  inhibitor 
z-DEVD-fmk  potently  inhibited  the  apoptotic  response. 

Calpain  activation  has  also  been  implicated  in 
several  models  of  apoptosis  (Nath  et  al.,  1996a,b;  Squier 
et  al.,  1994;  Vanags  et  al.,  1996).  However,  a  contributory 
role  of  calpain  to  apoptosis  has  largely  been  inferred  from 
calpain  inhibition  studies.  The  general  unavailability  of 
inhibitors  .specific  to  calpain  preclude  determination  of 
calpain’s  definite  involvement  in  apoptosis.  For  example, 
commonly  employed  inhibitors  of  calpain,  e.g.,  calpain 
inhibitor  I,  calpain  inhibitor  II,  and  MDL  28,170,  demon¬ 
strate  cross  reactivity  with  other  cysteine  proteases  like 
cathepsin  B  and  cathepsin  L.  In  this  investigation,  we 
examined  and  found  no  evidence  that  calpain  inhibition 
had  any  inhibitory  effects  on  caspa.se  3-like  activity. 
However,  the  development  of  more  selective  and  potent 
calpain  inhibitors,  such  as  the  specific  nonpeptide  deriva- 


518  Pike  et  al. 


rp:ferknces 


lives  of  alpha-mercaptoacrylic  acid  (Wang  ct  al.,  1996), 
will  by  useful  for  elucidating  a  more  definite  role  of 
calpains  in  apoptosis. 

C'alpain  and  Caspase  3-Like  Proteolysis 
of  a-Spectrin  During  Apoptosis 

Identification  of  key  substrates  cleaved  during  apop¬ 
tosis  has  been  the  focus  of  intensive  research.  It  has 
recently  been  demonstrated  that  cleavage  of  a-spectrin 
occurs  during  apoptosis  induced  by  numerous  stimuli, 
including  staurosporine  (Martin  et  al.,  1 993;  Vanags  el  al., 
1996;  Nath  et  al.,  1996a,b).  Cleavage  of  cylo.skeletal 
proteins  such  as  a-speclrin  during  apoptosis  may  contrib¬ 
ute  to  cell  shrinkage,  membrane  blebbing,  and  alter  cell 
signalling  systems  (Cohen,  1997).  Although  «-spectrin  is 
a  preferred  substrate  of  calpains  and  caspase  3-like 
cysteine  proteases,  dissociation  of  the  relative  contribu¬ 
tions  of  calpain  and  caspase  processing  of  a-spectrin 
during  apoptosis  has  not  been  well  characterized.  This  is 
due  to  the  fact  that  both  calpains  and  caspase  3-like 
proteases  cleave  a-spectrin  to  a  150  kD  fragment  on 
immunoblots.  Although  calpains  can  further  cleave  the 
150  kD  fragment  to  a  calpain-specific  145  kD  fragment 
(Nath  et  al.,  1996a,b),  the  145  kD  band  has  not  usually 
been  detected  on  immunoblots  obtained  from  in  vitro 
apopiolic  systems  (Kluck  et  al.,  1997;  Martin  ct  al.,  1995; 
Vanags  ct  al.,  1996;  however,  see  Nath  et  al.,  I996a,b). 
This  is  probably  due  to  preferential  cleavage  of  the  150 
kD  fragment  by  caspase  3-like  proteases  to  the  caspase 
3-like-specific  120  kD  fragment.  The  few  studies  that 
have  used  a-spectrin  proteolysis  to  examine  calpain  and 
caspase  3-like  activity  during  apoptosis  have  relied  on  a 
single  monoclonal  antibody  that  is  non-specific  for  the 
calpain-  and  caspase  3-like-mediated  150  kD  fragment. 
Thus,  dissociation  of  calpain  or  caspase  contribution  to 
a-spectrin  fragmentation  is  not  easily  detected  if  the 
calpain-specific  145  kD  fragment  is  not  detected.  In  the 
present  investigation,  we  have  employed  multiple  antibod¬ 
ies  to  label  non-specific  150  kD  as  well  as  calpain- 
specific  150  kD  a-spectrin  fragments,  and  the  caspa.se 
3-like  120  kD  fragment,  to  conclusively  demonstrate  that 
a-spectrin  is  cleaved  by  both  calpains  and  caspase  3-like 
protea.scs  during  staurosporine-induced  apoptosis.  Impor¬ 
tantly,  this  investigation  also  demonstrates  that  a  calpain 
inhibitor  (CalpInh-II)  and  a  caspase  inhibitor  (Z-D-DCB) 
potently  inhibit  their  respective  a-spectrin  cleavage  prod¬ 
ucts  and  that  calpain  or  caspase  inhibition  attenuates 
endonuclease  DNA  fragmentation  and  cell  death.  That 
calpain  inhibition  provided  protection  against  a-spectrin 
fragmentation,  endonuclease  DNA  fragmentation,  and 
apoptotic  cell  death  is  further  evidence  that  this  protease 
may  be  an  important  effector  of  the  apoptotic  cascade. 
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ABSTRACT 

Traumatic  brain  injury  (TBI)  results  in  numerous  central  and  systemic  responses  that  complicate 
interpretation  of  the  effects  of  the  primary  mechanical  trauma.  For  this  reason,  several  in  vitro  mod¬ 
els  of  mechanical  cell  injury  have  recently  been  developed  that  allow  more  precise  control  over  in- 
tra-  and  extracellular  environments  than  is  possible  in  vivo.  Although  we  recently  reported  that  cal¬ 
pain  and  caspase-3  proteases  are  activated  after  TBI  in  rats,  the  role  of  calpain  and/or  caspase-3 
has  not  been  examined  in  any  in  vitro  model  of  mechanical  cell  injury.  In  this  investigation,  vary¬ 
ing  magnitudes  of  rapid  mechanical  cell  stretch  were  used  to  examine  processing  of  the  cytoskele- 
tal  protein  a-spectrin  (280  kDa)  to  a  signature  145-kDa  fragment  by  calpain  and  to  the  apoptotic- 
linked  120-kDa  fragment  by  caspase-3  in  septo-hippocampal  cell  cultures.  Additionally,  effects  of 
stretch  injury  on  cell  viability  and  morphology  were  assayed.  One  hour  after  injury,  maximal  re¬ 
lease  of  cytosolic  lactate  dehydrogenase  and  nuclear  propidium  iodide  uptake  were  associated  with 
peak  accumulations  of  the  calpain-speciflc  145-kDa  fragment  to  a-spectrin  at  each  injury  level.  The 
acute  period  of  calpain  activation  (1-6  h)  was  associated  with  subpopulations  of  nuclear  morpho¬ 
logical  alterations  that  appeared  necrotic  (hyperchromatism)  or  apoptotic  (condensed,  shrunken  nu¬ 
clei).  In  contrast,  caspase-3  processing  of  a-spectrin  to  the  apoptotic-linked  120-kDa  fragment  was 
only  detected  24  h  after  moderate,  but  not  mild  or  severe  injury.  The  period  of  caspase-3  activation 
was  predominantly  associated  with  nuclear  shrinkage,  fragmentation,  and  apoptotic  body  forma¬ 
tion  characteristic  of  apoptosis.  Results  of  this  study  indicate  that  rapid  mechanical  stretch  injury 
to  septo-hippocampal  cell  cultures  replicates  several  important  biochemical  and  morphological  al¬ 
terations  commonly  observed  in  vivo  brain  injury,  although  important  differences  were  also  noted. 

Key  words:  apoptosis;  calpain;  caspase-3;  cell  culture;  neuron;  spectrin  (fodrin);  traumatic  brain  injury 
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INTRODUCTION 

Traumatic  brain  injury  (TBI)  results  in  numerous 
pathological  central  and  systemic  responses  that  can 
contribute  independently  or  additively  to  neuronal  cell 
death  and  dysfunction.  For  example,  primary  mechanical 
head  injury  results  in  a  host  of  secondary  insults  such  as 
anoxia,  ischemia,  hypertension,  edema,  inflammation,  or 
increased  cerebral  perfusion  pressure  that  complicate  in¬ 
terpretation  of  the  effects  of  the  initial  injury.  The  brain’s 
intimate  interaction  with  the  circulatory  system  is  an  ad¬ 
ditional  source  of  interpretive  complication  due  to  cere¬ 
bral  hemorrhage,  metabolite  removal  and  delivery,  and 
as  a  host  for  neutrophil  infiltration.  As  a  result  of  these 
complications,  several  in  vitro  approaches  to  study  neu¬ 
rotrauma  have  been  developed  that  model  different  bio¬ 
mechanical  or  neurochemical  insults  associated  with  TBI 
which  allow  more  precise  control  over  intracellular  and 
extracellular  environments  than  possible  in  vivo  (for  re¬ 
views,  see  Morrison  et  al.,  1998b;  Murphy  and  Horrocks, 
1994).  The  most  commonly  employed  in  vitro  insults  in¬ 
clude  glutamate  toxicity  (Choi  et  al.,  1987),  hypo¬ 
glycemia  (Monyer  et  al.,  1989),  hypoxia  (Goldberg  et  al., 
1988),  ischemia  (i.e.,  hypoglycemia  +  hypoxia;  Nath  et 
al.,  1998),  and  axonal  and  dendritic  lesions  (Gross  et  al., 
1993;  Lucas  et  al.,  1990).  In  addition,  in  vitro  models  of 
mechanical  cell  injury  have  been  developed  that  replicate 
important  biomechanical  stresses  commonly  associated 
with  traumatic  brain  injury  in  vivo  (Ellis  et  al.,  1995; 
LaPlaca  et  al.,  1997;  Morrison  et  al.,  1998a;  Mukhin  et 
al.,  1998;  Shepard  et  al.,  1991).  For  example,  a  major 
biomechanical  force  encountered  by  the  brain  during  con- 
cussive  head  injury  is  that  of  rapid  deformation  and  ten¬ 
sile  strain,  or  stretch  injury  (Gennarelli  and  Thibault, 
1985;  Margulies  et  al.,  1990).  Several  in  vitro  systems 
have  been  designed  to  model  this  sort  of  mechanical  in¬ 
jury  by  culturing  cells  onto  deformable  substrates  that  are 
then  exposed  to  an  applied  load  (Cargill  and  Thibault, 
1996;  Ellis  et  al.,  1995;  Morrison  et  al.,  1998a).  Ellis  and 
coworkers  (1995)  have  developed  and  characterized  a 
model  of  stretch  injury  and  have  reported  a  number  of 
stretch-induced  cellular  alterations  including  mitochon¬ 
drial  swelling,  increased  plasma  membrane  permeability 
(Ellis  et  al.,  1995),  influx  of  extracellular  Ca^^  (Rzi- 
galinski  et  al.,  1996),  phospholipase  C  activation,  arachi- 
donic  acid  release  (Lamb  et  al.,  1997),  and  membrane  de¬ 
polarization  (Tavalin  et  al.,  1995,  1997).  However,  the 
effects  of  stretch-injury  on  numerous  other  biochemical 
and  morphological  variables  related  to  in  vivo  brain  in¬ 
jury  are  not  known. 

The  cysteine  proteolytic  enzymes  calpain  and  caspase- 
3  have  received  a  great  deal  of  attention  as  important  me¬ 
diators  of  cell  injury/death  in  a  variety  of  central  nervous 


system  (CNS)  insults.  The  calpains  have  been  implicated 
in  CNS  damage  after  traumatic  brain  injury  (Kampfl  et  al., 
1997;  Newcomb  et  al.,  1997;  Pike  et  al.,  1998a;  Po.sman- 
tur  et  al.,  1997;  Saatman  et  al.,  1996),  .spinal  cord  injury 
(Banik  et  al.,  1997;  Li  et  al.,  1995),  and  cerebral 
ischemia  in  vivo  (Hong  et  al.,  1994;  Lee  et  al.,  1991; 
Roberts-Lcwis  et  al.,  1994;  Seubert  et  al.,  1989).  Although 
the  calpains  are  generally  thought  to  be  associated  with 
necrotic  cell  death,  mounting  evidence  now  indicates  a  role 
for  calpains  in  apoptotic  cell  death  as  well  (Linnik  et  al., 
1996;  Nath  et  al.,  1996b;  Pike  et  al.,  1998b).  Caspa.se-3  is 
regarded  as  a  critical  executioner  of  apoptosis  in  several 
in  vitro  cell  culture  systems  (Nicholson  and  Thomberry, 
1997)  and  caspase-3  activation  has  been  observed  in  vivo 
after  TBI  (Pike  et  al.,  1998a;  Yakovlev  et  al.,  1997)  and 
cerebral  ischemia  (Chen  et  al.,  1998;  Endres  et  al.,  1998; 
Kitagawa  et  al.,  1998;  Namura  et  al.,  1998).  Apoptotic  cell 
death  has  also  been  observed  in  animal  models  of  TBI 
(Colicos  and  Dash,  1996;  Conti  et  al.,  1998;  Eldadah  et 
al.,  1996;  Newcomb  et  al.,  1999;  Pravdenkova  et  al.,  1996; 
Rink  et  al.,  1995),  spinal  cord  injury  (Crowe  et  al.,  1997; 
Kato  et  al.,  1997;  Katoh  et  al,  1996;  Liu  et  al.,  1997),  and 
cerebral  ischemia  (Charriaut-Marlangue  et  al,  1998).  Our 
laboratory  has  recently  reported  apoptotic  cell  death  (New¬ 
comb  et  al,  1999)  and  independent  or  concurrent  activa¬ 
tion  of  calpains  and  caspase-3  proteases  (Pike  et  al.,  1 998a) 
in  various  brain  regions  following  lateral  cortical  impact 
traumatic  brain  injury  in  rodents. 

Although  calpains  or  caspase-3  protease  activation  is 
widely  reported  after  CNS  injury,  few  investigations  have 
assessed  concurrent  activation  of  these  proteases  (Nath 
et  al,  1996a,b;  Pike  et  al,  1998b).  In  addition,  TBI  re¬ 
sults  in  calpain  and  caspase-3  activation  and  necrotic  and 
apoptotic  cell  death.  Because  calpains  are  associated  with 
necrosis  and  apoptotic  cell  death  while  caspase-3  is  as¬ 
sociated  only  with  apoptotic  cell  death,  elucidation  of  the 
relative  contribution  of  these  two  protease  families  to  cell 
death  after  CNS  injury  is  important.  For  instance,  we  have 
demonstrated  that  both  calpains  and  caspase-3  proteases 
contribute  to  apoptotic  cell  death  in  staurosporine-in- 
duced  apoptosis  (Pike  et  al,  1998b),  whereas  calpain  but 
not  caspa.se-3  contributes  to  maitotoxin-induced  necrotic 
cell  death  in  septo-hippocampal  primary  cell  cultures 
(Zhao  et  al,  1999).  The  present  investigation  is  the  first 
to  examine  cell  death  phenotypes  and  protease  activation 
after  in  vitro  mechanical  insult. 


MATERIALS  AND  METHODS 

Septo-Hippocampal  Cultures 

Primary  glial-neuronal  cultures  were  prepared  as  pre¬ 
viously  reported  (Pike  et  al,  1998b).  Briefly,  septi  and 
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hippocampi  were  dissected  from  gestational  day  18  fetal 
Sprague-Dawley  rats  in  Hank’s  balanced  salt  solution 
(HESS)  supplemented  with  4.2  mM  sodium  bicarbonate, 
1  inM  pyruvate,  20  mM  HEPES,  and  3  mg/mL  bovine 
serum  albumin  (ESA),  pH  7.25.  Tissue  was  washed  in 
Dulbecco’s  modified  Eagle’s  medium  (DMEM)  and  trit¬ 
urated  through  the  narrow  pores  of  serial  flame  con¬ 
stricted  Pasteur  pipettes  in  DMEM.  Dissociated  cells 
were  transferred  to  fresh  DMEM  with  10%  fetal  bovine 
serum  (DMEM- 1  OS)  and  plated  onto  collagen-  and  poly- 
L-lysine-coated  25-mm-diameter  Flex  Plate  wells  (Flex¬ 
cell  International,  McKeesport,  PA)  at  a  density  of 
4.36  X  10^  cells/mL.  Cultures  were  maintained  in  a  hu¬ 
midified  incubator  in  an  atmosphere  of  5%  CO2  at  37°C 
and  media  was  replenished  every  2  days.  After  day  5  in 
vitro,  medium  was  changed  to  DMEM-DM  with  5% 
horse  serum.  Ey  day  10  in  vitro,  astrocytes  formed  a  con¬ 
fluent  monolayer  beneath  morphologically  mature  neu¬ 
rons. 

All  protocols  have  been  approved  by  the  University  of 
Florida’s  Animal  Care  and  Use  Committee  and  are  con¬ 
sistent  with  National  Institutes  of  Health  (NIH)  guide¬ 
lines  detailed  in  the  Guide  for  the  Care  and  Use  of  Lab¬ 
oratory  Animals  and  the  Animal  Welfare  Act.  Methods 
of  euthanasia  are  consistent  with  recommendations  of  the 
Panel  on  Euthanasia  by  the  American  Veterinary  Med¬ 
ical  Association. 

Biomechanical  Stretch  Injury 

Ten-day-old  septo-hippocampal  cultures  were  injured 
as  previously  described  with  a  model  94A  Cell  Injury 
Controller  (Ellis  et  al.,  1995).  Eriefly,  cells  grown  on 
silastic  membranes  of  Flexcell  plates  were  rapidly 
stretched  (50  msec  duration)  by  applying  a  positive  pres¬ 
sure  pulse  of  compressed  nitrogen  gas  that  allowed  for  a 
controlled  deformation  and  rebound  of  the  silastic  mem¬ 
brane.  Deformations  of  5.7,  6.5,  and  7.5  mm  were  used 
in  these  experiments.  Following  initial  injury-re.sponse 
assays,  we  classified  these  injuries  as  mild,  moderate,  and 
severe,  consistent  with  the  original  observations  of  Ellis 
et  al.  (1995). 

Characterization  of  Cell  Injury 

Lactate  dehydrogenase  release.  Assessment  of  cell  in¬ 
jury  was  performed  by  measuring  the  release  of  lactate 
dehydrogenase  (LDH)  into  the  culture  medium  at  vari¬ 
ous  intervals  after  stretch  injury.  LDH  is  a  stable  large 
molecular  weight  cytoplasmic  enzyme  that  is  present  in 
all  cells  and  is  rapidly  released  into  the  culture  medium 
upon  disruption  of  the  plasma  membrane  (Murphy  and 
Horrocks,  1994).  LDH  release  into  culture  medium  was 
determined  spectrophotometrically  using  an  LDH  assay 


kit  purchased  from  Eoehringer  Mannheim.  One  hundred 
microliters  of  cell  culture  medium  was  transferred  to  a 
96-well  microplate  and  diluted  with  an  equal  volume  of 
the  LDH  assay  reagent.  A  EioRad  450  microplate  reader 
was  used  to  measure  the  optical  density  at  490  nm. 

Propidium  iodide  uptake  and  fluorescein  diacetate 
loss.  Cell  injury  was  also  qualitatively  assessed  by  ex¬ 
amining  nuclear  uptake  of  propidium  iodide  (PI)  and  so- 
mal  loss  of  fluorescein  diacetate  (FDA)  as  previously  de¬ 
scribed  (Jones  and  Senft,  1985;  Pike  et  al.,  1998b).  PI  is 
an  intravital  dye  that  is  excluded  from  cells  with  intact 
plasma  membranes,  but  rapidly  permeates  cells  with 
damaged  membranes,  staining  nuclei  with  a  red  fluores¬ 
cence.  FDA  readily  permeates  plasma  membranes  where 
esterases  in  the  cytosol  cleave  the  acetate  from  fluores¬ 
cein  causing  a  green  fluorescence.  Once  cleaved,  FDA 
can  no  longer  permeate  intact  membranes.  A  stock  solu¬ 
tion  of  FDA  (20  mg/mL)  was  dissolved  in  acetone,  and 
a  PI  stock  solution  was  dissolved  in  PES  (5  mg/mL). 
Working  solutions  of  FDA/PI  were  freshly  prepared  by 
adding  10  pL  of  FDA  and  3  pL  PI  stock  to  10  mL  of 
HESS.  At  various  time-points  after  injury,  the  culture 
medium  was  aspirated  and  cells  were  bathed  in  the 
FDA/PI  solution.  Cells  were  stained  for  3  min  at  room 
temperature  and  examined  with  a  Zeiss  Axiovert  1 35  in¬ 
verted  fluorescence  microscope  equipped  with  epi-illu- 
mination,  band  pass  450-490-nm  exciter  filter,  510-nm 
chromatic  beam  splitter,  and  a  long-pass  520-nm  barrier 
filter.  This  filter  combination  pennitted  both  red  and 
green  fluorescing  cells  to  be  seen  simultaneously.  Thus, 
cell  viability  can  be  monitored  by  comparing  the  relative 
magnitude  of  viable  (green  fluorescence)  versus  nonvi- 
able  (red  fluorescence)  cells. 

Morphological  Assessment  of  Neuronal  and 
Astroglial  Cells 

Immunocytochemistry.  To  determine  the  effects  of 
stretch  injury  on  neuronal  and  astroglial  cell  types,  cul¬ 
tures  were  labeled  immunocytochemically  with  antibod¬ 
ies  against  neuronal  nuclear  protein  (NeuN;  monoclonal; 
Chemicon)  and  microtubule  associated  protein-2 
(MAP2;  monoclonal  Stemberger)  (for  neurons)  or  against 
glial  fibrillary  acidic  protein  (GFAP;  polyclonal;  Sigma) 
(for  astroglia).  Eecau.se  MAP2  is  rapidly  degraded  by  cal- 
pain  (Fischer  et  al.,  1991),  neurons  were  double  labeled 
with  NeuN  to  provide  a  more  stable  marker  of  neuronal 
cell  populations  after  injury.  At  various  intervals  after  in¬ 
jury,  culture  medium  was  aspirated,  cells  were  washed 
2X  in  PES  and  fixed  in  4%  paraformaldehyde  for  5  min 
at  room  temperature.  After  2X  wash  in  PES  cells  were 
permeabilized  with  0.5%  Triton  X-100  (in  PES)  for  5 
min  and  blocked  with  10%  goat  or  horse  serum  in  PES 
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for  1  h  at  room  temperature.  Cells  were  then  incubated 
in  appropriate  primary  antibodies  (1:1,000)  in  PBS  con¬ 
taining  1%  horse  or  goat  serum.  After  2X  wash  in 
PBS/0.05%  Tween-20,  cells  were  incubated  in  horserad¬ 
ish  peroxidase-conjugated  goat  anti-rabbit  IgG  (for 
GFAP)  or  sheep  anti-mouse  IgG  (for  MAP2  and  NeuN; 
1:1,000)  for  1  h.  Cells  were  washed  3X  in  PBS,  and  di- 
aminobenzedine  (DAB;  Sigma)  or  SG  substrate  (Vector) 
was  used  to  visualize  the  reaction.  Following  incubation 
in  DAB  or  SG,  the  reaction  was  stopped  by  washing  cells 
with  distilled  H2O.  To  visualize  stained  cells  with  the  mi¬ 
croscope,  the  2-mm-thick  silastic  membranes  from  6  well 
stretch  plates  were  gently  removed  and  trimmed  to  fit  on 
standard  microscope  slides. 

Alterations  in  nuclear  morphology.  Nuclear  alterations 
were  examined  with  the  adenine-thymine  base-pair-spe- 
cific  DNA  dye  Iloechst  33258  (bis-benzimide;  Sigma). 
This  dye  was  used  to  identify  characteristics  of  necrotic- 
or  apoptotic-like  morphological  alterations.  Nuclei  of 
normal  cells  can  be  identified  by  a  homogenous  and  dif¬ 
fuse  fluorescent  chromatin  whereas  apoptotic  cells  fluo¬ 
resced  intensely  and  were  characterized  by  highly  con¬ 
densed  chromatin,  visibly  shrunken  and  often  eccentric 
shaped  nuclei,  and  by  the  .separation  of  the  nucleus  into 
di.screte  nuclear  fragments  (apoptotic  bodies;  Pumanam 
and  Boustany,  1999;  Schemechel,  1999).  In  contra.st, 
necrotic  cells  fluoresce  brightly  with  pyknotic  chromatin 
where  nuclei  have  maintained  their  basic  morphology  or 
have  become  rounded  or  swollen  in  appearance  (Pur- 


nanam  and  Boustany,  1999;  Schmechel,  1999).  Using 
these  criteria,  the  number  of  necrotic  and  apoptotic 
Hoechst  stained  nuclei  were  quantified  in  control  cultures 
and  at  each  time  point  after  stretch  injury. 

Calpain  and  Caspase-3  Activation  Inferred  by 
Proteolysis  of  a-Spectrin  Protein 

SDS-polyacrylamide  gel  electrophoresis  and  im- 
munohlotting.  At  various  intervals  after  injury,  cells  were 
collected  from  three  identically  manipulated  culture  wells 
by  gentle  scraping  in  ice  cold  lysis  buffer  containing  ion 
chelators  and  a  protease  inhibitor  cocktail  (20  mM 
HEPES,  pH  7.6, 2  mM  EGTA,  1  mM  EDTA,  1  mM  DTT, 
0.5  mM  PMSF,  50  /ig/mL  leupeptin,  and  10  /zg/mL  each 
of  AEBSF,  aprotinin,  pepstatin,  TLCK,  and  TPCK).  To 
facilitate  cell  lysis,  samples  were  frozen  (— 70°C), 
thawed,  and  sheared  through  a  1.0-mL  syringe  10  times 
with  a  25-gauge  needle.  Protein  content  in  the  samples 
was  assayed  by  the  Micro  BCA  method  (Pierce,  Rock¬ 
ford,  IL).  For  protein  electrophoresis,  equal  amounts  of 
total  protein  (20  p,g)  were  prepared  in  twofold  loading 
buffer  containing  0.25  M  Tris  (pH6.8),  0.2  M  DTT,  8% 
SDS,  0.02%  Bromophenol  Blue,  and  20%  glycerol,  and 
heated  at  95°C  for  10  min.  Samples  were  resolved  in  a 
vertical  electrophoresis  chamber  using  a  4%  stacking  gel 
over  a  6.5%  acrylamide  resolving  gel  for  1  h  at  200  V. 
For  immunoblotting,  separated  proteins  were  laterally 
transferred  to  nitrocellulose  membranes  (0.45  /zM)  using 
a  transfer  buffer  consisting  of  0. 192  M  glycine  and  0.025 
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FIG.  1.  Mechanical  deformation  of  cultured  septo-hippocampal  cells  causes  graded  and  sustained  increases  in  lactate  dehydro¬ 
genase  (LDH)  relea.se  in  culture  medium.  At  all  injury  magnitudes  (5.7,  6.5,  and  7.5  mm),  the  largest  increase  in  LDH  release 
was  observed  at  1  h  after  injury.  LDH  levels  were  observed  to  decrease  over  the  ensuing  hours  but  were  still  significantly  ele¬ 
vated  24  h  after  injury.  *p  <  0.05,  **p  <  0.01,  ***p  <  0.001. 
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Tris  (pH  8.3)  with  10%  methanol  at  a  constant  voltage 
of  100  V  for  1  h  at  4“C.  Nitrocellulose  membranes  were 
stained  with  Panceau  red  (Sigma)  to  insure  even  transfer 
of  all  samples  to  the  membranes  and  to  confirm  that  equal 
amounts  of  protein  were  loaded  in  each  lane.  Blots  were 


then  blocked  overnight  in  5%  nonfat  milk  in  20  mM  Tris, 
0.15  M  NaCl,  and  0.005%  Tween-20  at  4°C. 

Antibodies  and  immunolabeling.  Immunoblots  were 
probed  with  an  anti-a-spectrin  monoclonal  antibody 


FIG.  2.  FDA/PI  and  Hoechst  33258  staining  after  mechanical  stretch  injury  (6.5  mm).  (A)  Control  cultures  grown  on  flex  plates 
demonsU-ate  normal  somal  integrity,  indicated  by  retention  of  intracellular  FDA  (green  fluorescence)  and  lack  of  nuclear  PI  up¬ 
take.  Note  confluent  astroglial  cell  layer  (open  arrow,  a)  beneath  mature  neuronal  cell  phenotypes  (closed  arrow,  n).  (B)  Increased 
PI  uptake  (red  fluorescence)  is  evident  1  h  after  injury.  (C)  At  24  h  after  injury,  fewer  cells  stained  for  PI,  and  there  was  a  slight 
reduction  in  the  number  of  neuronal  cell  phenotypes.  (D)  Hoechst  33258  staining  of  control  cell  nuclei  24  h  after  stretch  injury 
to  sister  cells.  Note  homogenous,  diffuse  Hoechst  staining  in  healthy  unstretched  cells.  (E)  At  1  h  after  injury,  the  nuclei  of  nu¬ 
merous  cells  appeared  hyperchromatic  and  fluoresced  brightly.  Some  cells  maintained  their  normal  nuclear  size  and  shape,  but 
bad  hyperchromatic  nuclei  that  were  characteristic  of  necrotic  cell  death  (thick  arrow).  Hyperchromatic  nuclei  of  other  cells  were 
visibly  shrunken  and  characteristic  of  apoptotic  cell  death  (thin  arrow).  (F)  By  24  h  after  injury,  all  hyperchromatic  nuclei  ap¬ 
peared  shrunken  and  in  various  stages  of  nuclear  disassembly  including  nuclear  fragmentation  (open  arrows)  and  formation  of 
discrete  apoptotic  bodies  (curved  arrows).  Bar  =  50  /nm. 
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(Affiniti  Research  Products,  U.K.;  catalogue  no.  EG 
6090,  clone  AA6)  that  detects  intact  a-spectrin  (280  kDa) 
and  150-,  145-,  and  120-kDa  cleavage  fragments  to  a- 
spectrin.  A  cleavage  product  of  150  kDa  is  initially  pro¬ 
duced  by  calpains  and  caspase-3  proteases;  thus,  the  band 
cannot  be  used  to  discriminate  calpain  versus  caspase  ac¬ 
tivity  (Nath  et  al.,  1996a,b;  Wang  et  al.,  1998).  However, 
the  145-kDa  SBDP  is  a  specific  proteolytic  fragment  of 
calpain  (Harris  et  al.,  1988;  Nath  et  al.,  1996a,b).  In  ad¬ 
dition,  the  120-kD  SBDP  has  been  identified  as  being  a 
specific  apoptotic-linked  proteolytic  fragment  of  caspa.se- 
3  (Nath  et  al.,  1998;  Wang  et  al.,  1998).  Following  in¬ 
cubation  with  the  primary  antibody  (1:4,000  dilution)  for 
2  h  at  room  temperature,  blots  were  incubated  in  perox¬ 
idase-conjugated  sheep  anti-mouse  IgG  for  1  h  (dilution, 
1:10,{X)0).  Enhanced  chemiluminescence  reagents  (ECL, 
Amersham)  were  used  to  visualize  immunolabeling  on 
Hyperfilm  (Hyperfilm  ECL,  Amersham). 

Statistical  Analyses 

Each  experiment  was  performed  at  least  three  times, 
and  data  were  evaluated  by  ANOVA  with  Tukey  post 
hoc  comparisons.  Values  are  given  as  mean  ±  SEM.  Dif¬ 
ferences  were  considered  significant  if  p  <  0.05.  Semi- 
quantitative  evaluation  of  protein  levels  detected  by  im- 
munoblotting  was  performed  via  computer-assisted 
one-dimensional  densitometric  scanning  (Alphalmager 
2000  Digital  Imaging  System,  San  Leandro,  CA).  Data 
were  acquired  as  integrated  densitometric  values  and 
tranformed  to  percentages  of  the  densitometric  levels  ob¬ 
tained  on  scans  from  control  cultures  visualized  on  the 
same  blot.  Transformed  data  was  evaluated  by  ANOVA 
and  post  hoc  comparisons  as  described  above. 

RESULTS 

Effects  of  Stretch  Injury  on  Septo-Hippocampal 
Cultures 

Lactate  dehydrogenase  release.  Initial  injury-re¬ 
sponse  assays  were  performed  to  determine  the  effects 
of  various  stretch  deformations  (5.7,  6.5,  and  7.5  mm) 
on  LDH  release  into  the  culture  medium.  Consistent 
with  Ellis  et  al.  (1995),  increasing  levels  of  mechanical 
stretch  were  reliably  associated  with  significantly  in¬ 
creased  relea.se  of  LDH  into  the  culture  medium  as  com¬ 
pared  to  nonstretched  control  wells  (p  <  0.01  for  each 
injury  level;  Fig.  1).  At  all  three  injury  magnitudes, 
LDH  levels  were  highest  at  1  h  after  injury.  LDH  lev¬ 
els  were  markedly  elevated  at  each  injury  magnitude  for 
the  first  6  h  after  injury,  and  a  lower  but  significant  re¬ 
lease  of  LDH  was  still  detected  at  24  h  after  stretch  in¬ 
jury  (Fig.  1). 


Propidium  iodide  uptake  and  fluorescein  diacetate 
loss.  Consistent  with  LDH  release,  stretch  injury  resulted 
in  a  rapid  increase  in  the  number  of  PI  stained  nuclei  that 
was  positively  related  to  increased  injury  magnitude. 
With  each  injury  magnitude  (5.7,  6.5,  7.5  mm)  the  num¬ 
ber  of  Pl-stained  nuclei  was  greatest  at  1  h  after  injury. 
All  subsequent  time  points  revealed  a  decreased  number 
of  PI  staining  compared  to  the  I  h  time  point  (for  profile 
of  the  6.5  mm  injury,  see  Fig.  2).  At  24  h  after  injury, 
only  a  few  scattered  cells  were  observed  to  stain  for  PI. 
FDA  staining  indicated  that  there  was  a  noticeable  re¬ 
duction  in  the  number  of  neuronal  cell  types  (based  on 
phenotypic  profile)  while  the  number  of  astroglial  cells 
appeared  unaltered  after  6.5-mm  injury  (Fig.  2).  How¬ 
ever,  the  7.5-mm  injury  magnitude  was  clearly  associ¬ 
ated  with  both  neuronal  and  astroglial  cell  loss  indicated 
by  a  large  loss  in  the  number  of  FDA  stained  cells  and 
by  increased  areas  of  cell  detachment  from  the  Silastic 
membranes  (data  not  shown). 

Morphological  Assessment  of  Neuronal  and 
Astroglial  Cells 

Dendritic  perturbation  and  neuronal  cell  loss  after 
stretch  injury.  Examination  of  MAP2,  a  structural  soma¬ 
todendritic  protein  found  in  neurons,  and  NeuN,  a  neu¬ 
ronal-nuclear  protein,  revealed  a  typical  staining  pattern 
of  neuronal  dendrites  and  nuclei  in  nonstretched  cells. 
Nonstretched  neurons  were  characterized  by  large  nuclei, 
ovoid-shaped  cell  bodies,  and  by  the  appearance  of  num- 
rous,  long  and  smooth  multipolar  dendritic  processes 
(Fig.  3A).  However,  after  stretch  injury,  there  was  a  tem¬ 
porally  progressive  decrease  in  the  number  and  length  of 
dendritic  processes  related  to  injury  magnitude.  For  in¬ 
stance,  within  the  first  hour  after  moderate  to  severe  in¬ 
jury  (6.5-7.5  mm),  many  processes  appeared  fragmented 
with  numerous  punctate  swellings  or  beads  (varicousi- 
ties)  along  distal  portions  of  the  dendrites  (Fig.  3B).  By 
24  h  after  stretch  injury  (6.5  and  7.5  mm),  most  neurons 
had  lost  their  multipolar  dendritic  arbor  and  extended 
only  unipolar  or  bipolar  processes  (Fig.  3C).  In  addition, 
there  was  an  overt  reduction  in  the  number  of  NeuN- 
stained  neurons  between  6  and  24  h  after  6.5-  and  7.5- 
mm  stretch  injury. 

In  contrast  to  the  marked  alterations  in  MAP2  im- 
munoreactivity  observed  after  moderate  or  severe  levels 
of  stretch  injury,  mild  stretch  injury  (5.7  mm)  resulted  in 
transient  dendritic  varicousities  localized  along  distal,  but 
not  proximal  dendrites.  In  addition,  there  was  no  overt 
loss  of  neuronal  cell  phenotypes  indicated  by  NeuN  or 
FDA  staining  (data  not  shown). 

Astroglial  perturbations  after  stretch  injury.  To  assess 
the  astrocytic  reaction  to  stretch  injury,  astroglial  cells 
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F IG.  3.  Mechanical  cell  stretch  induces  alterations  in  neuronal  and  astrocyte  cell  morphology  (representative  photomicrographs 
from  6.5  mm  injury  level).  Dendritic  perturbation  and  neuronal  cell  loss  after  stretch  injury  (left  column):  (A)  Examination  of 
MAP2  (gray-black  color;  in  soma/dendrites)  and  NeuN  (brown  color;  in  nucleus)  revealed  a  typical  staining  pattern  of  neuronal 
dendrites  and  nuclei  in  nonstretched  cells.  Note  long-smooth  dendrites  typical  of  healthy  cells  (arrowhead).  (B)  After  stretch  in¬ 
jury,  there  was  a  temporally  progressive  decrease  in  the  number  and  length  of  dendritic  processes.  Acutely  after  injury,  many 
prtKesses  appeared  fragmented  with  numerous  punctate  swellings  or  beads  (varicousities)  along  distal  portions  of  the  dendrites 
(arrowheads).  (C)  By  24  h  after  stretch  injury,  MAP2  immunoreactivity  was  markedly  reduced  or  was  absent  along  distal  processes 
and  an  increased  number  of  large  varicousities  were  detected  along  proximal  dendrites  (arrowheads).  In  addition,  most  neurons 
had  lost  their  multipolar  dendritic  arbor  and  extended  only  unipolar  or  bipolar  processes.  Note  increased  somal  staining  of  MAP2 
(arrow)  that  may  be  attributable  to  interrupted  dendritic  transport  of  MAP.  Astroglial  perturbations  after  stretch  injury  (right  col¬ 
umn):  (D)  Astrocytes  (gray  color)  in  nonstretched  wells  formed  a  confluent  monolayer  beneath  neurons  (brown  color)  and  stained 
weakly  with  antiserum  to  GFAP.  (E)  At  1  h  after  stretch  injury,  there  was  an  obvious  increase  in  astrocytic  hypertrophy  (arrows) 
and  GFAP  immunoreactivity  was  increa.sed.  Hypertrophied  astr(x:yte.s  had  enlarged  irregularly  shaped  stellate  cell  bodies  and  ex¬ 
tended  numerous  enlarged  cytoplasmic  proces.ses.  (F)  At  24  h  after  injury,  the  majority  of  astrocytes  appeared  reactive  and  were 
characterized  by  increased  GFAP  immunoreactivity.  A,strocyte  processes  revealed  numerous  punctate  varicousities.  Bar  =  50  p.m. 
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Neuronal  and  Astrocytic  Alterations  After 
Stretch  Injury 

Alterations  in  neuronal  microtubule  associated  protein 
2  (MAP2)  and  astrocyte  glial  fibrillary  acidic  protein 
(GFAP)  are  commonly  observed  following  a  variety  of 
in  vitro  and  in  vivo  CNS  insults.  MAP2  is  a  principle 
component  of  neuronal  dendritic  microtubules  that  is 
thought  to  contribute  to  microtubule  assembly  and  to  reg¬ 
ulate  interactions  with  other  cytoskeletal  components. 
Phosphorylation  of  MAP2  by  calcium/calmodulin-de- 
pendent  kinases  may  be  an  important  event  in  neuronal 
neurotransmitter  signaling  (DeCamilli  et  al.,  1984)  and 
trauma-induced  disruption  of  dendritic  MAP2  organiza¬ 
tion  may  impair  neuronal  function.  Several  investigations 
have  reported  decreased  MAP2  immunoreactivity  and 
protein  levels  after  traumatic  brain  injury  in  rats  (Folk- 
erts  et  al.,  1998;  Hicks  et  al.,  1995;  Lewen  et  al.,  1996; 
Posmantur  et  al.,  1996a,b;  Saatman  et  al.,  1998;  Taft  et 
al.,  1992,  1993).  However,  the  present  investigation  is 
the  first  to  examine  MAP2  immunoreactivity  and  den¬ 
dritic  morphology  after  mechanical  stretch  injury.  Im¬ 
portantly,  our  investigation  demonstrates  the  typical  pat¬ 
tern  of  MAP2  loss  and  associated  dendritic  derangements 
commonly  described  after  numerous  neuronal  insults,  in¬ 
cluding  excitotoxic  lesions  in  vitro  (Park  et  al.,  1996)  and 
after  cerebral  ischemia  (Matesic  and  Lin,  1994)  and  trau¬ 
matic  brain  injury  (Folkerts  et  al.,  1998;  Lewen  et  al., 
1996;  Posmantur  et  al.,  1996a,b)  in  vivo.  These  re.sults 
indicate  that  mechanical  tensile  strain  is  sufficient  to  in¬ 
duce  MAP2  cytoskeletal  degradation. 

MAP2  is  a  known  substrate  of  calpain  (Fischer  et  al., 
1991;  Johnson  et  al.,  1991),  and  calcium-dependent  cal¬ 
pain  activation  has  been  clo,sely  associated  with  MAP2 
loss  after  traumatic  spinal  cord  injury  (Springer  et  al., 
1997)  and  in  rodent  brain  after  excitotoxic  lesions  (Siman 
and  Noszek,  1988).  After  mild  to  severe  stretch  injury  to 
CNS  cultures,  intracellular  free  calcium  concentrations 
and  extracellular  glutamate  levels  have  been  reported  to 
be  transiently  elevated  (Rzigalinski  et  al.,  1997,  1998). 
Thus,  stretch-induced  glutamate  efflux  and  loss  of  intra¬ 
cellular  Ca^^  homeostasis  could  result  in  increased  cal¬ 
pain  activation  and  subsequent  proteolysis  of  calpain  sub¬ 
strates  such  as  MAP2  and  a-spectrin.  In  support  of  this 
hypothesis,  a  preliminary  report  from  our  laboratory  has 
shown  that  the  NMD  A  receptor  antagonist  MK-801  (50 
/U.M)  attenuated  LDH  release  (by  26%)  and  calpain-me- 
diated  processing  of  ot-spectrin  after  moderate  stretch  in¬ 
jury  in  neuronal  +  glial  septo-hippocampal  cultures 
(Zhao  et  al.,  1998). 

Resting  astrocytes  typically  proliferate  in  response  to 
injury  and  display  a  hypertrophied  morphology  charac¬ 
terized  by  enlarged,  irregularly  shaped  cell  bodies  and 


extension  of  numerous  processes  that  express  increased 
GFAP  intermediate  filaments  (Malhotra  et  al.,  1990). 
This  process  of  reactive  gliosis  is  one  of  the  most  sensi¬ 
tive  assays  of  neuronal  injury  in  vivo  (O’Callaghan,  1993) 
and  has  been  frequently  characterized  in  various  models 
of  rodent  traumatic  brain  injury  (e.g.,  Cortez  et  al.,  1989; 
Hill  et  al.,  1996).  However,  the  present  investigation  is 
the  first  to  examine  GFAP  immunoreactivity  and  reac¬ 
tive  gliosis  after  mechanical  stretch  injury  in  glial-neu¬ 
ronal  cell  cultures.  Stretch  injury  resulted  in  a  graded  re¬ 
sponse  of  astrocytes  to  various  injury  levels  (5.7-,  6.5-, 
and  7.5-mm  injury;  data  for  5.7-  and  7.5-mm  injury  not 
shown).  Astrocyte  morphology  after  stretch  injury  was 
stereotypical  of  the  classic  reactive  astrocyte  response  to 
injury,  and  these  results  indicate  that  mechanical  tensile 
strain  is  sufficient  to  induce  reactive  gliosis  in  astrocytes. 

CONCLUSION 

Mechanical  stretch  injury  to  septo-hippocampal  cell 
cultures  induces  a  variety  of  pathological  responses  that 
have  been  observed  after  clinical  and  experimental  trau¬ 
matic  brain  injury.  These  alterations  included  increased 
membrane  permeability,  astrocyte  hypertrophy  and  in¬ 
creased  GFAP  levels,  loss  of  neuronal-dendritic  MAP2, 
rapid  calpain  activation,  caspase-3  activation,  necrosis, 
and  apoptotic  cell  death.  However,  one  important  differ¬ 
ence  between  in  vitro  mechanical  stretch  injury  and  in 
vivo  traumatic  brain  injury  was  that  calpain  processing 
of  a-spectrin  was  confined  to  the  period  of  acute  injury 
response  (1-6  h)  after  stretch  injury,  whereas  calpain  pro¬ 
cessing  of  a-spectrin  after  traumatic  brain  injury  can  en¬ 
dure  for  as  long  as  2  weeks  after  injury  (Pike  et  al., 
1998a).  Nonetheless,  mechanical  stretch  injury  (tensile 
strain)  is  a  simple  and  reliable  method  for  the  study  of 
mechanically  induced  CNS  pathology. 
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Abstract:  Studies  examined  the  phenotypic  characteristics  of 
glutamate-induced  ceil  death  and  their  relationship  to  calpain 
and  caspase-3  activation.  Cell  viability  was  assessed  by  fluo¬ 
rescein  diacetate  and  propidium  iodide  staining  and  lactate  de¬ 
hydrogenase  release.  Calpain  and  caspa.se-3  activity  was  in¬ 
ferred  from  signature  proteolytic  fragmentation  of  a-spectrin. 
Characterization  of  cell  death  phenotypes  was  assessed  by 
Hoechst  33258  and  DNA  fragmentation  assays.  Exposure  of 
septohipptrcampal  cultures  to  1.0,  2.0,  and  4.0  mmol/1,  gluta¬ 
mate  induced  a  dose-dependent  cell  death  with  an  LDjo  of  2.0 
mmol/I,  glutamate  after  24  hours  of  incubation.  Glutamate 
treatment  induced  cell  death  in  neurons  and  astroglia  and  pro¬ 
duced  morphological  alterations  that  differed  from  necrotic  or 
apoptotic  changes  observed  after  maitotoxin  or  staurosporine 


exposure,  respectively.  After  glutamate  treatment,  cell  nuclei 
were  enlarged  and  eccentrically  shaped,  and  aggregated  chro¬ 
matin  appeared  in  a  diffusely  speckled  pattern.  Furthermore,  no 
dose  of  glutamate  prtxluced  evidence  of  intemuclcosomal  DNA 
fragmentation.  Incubation  with  varying  doses  of  glutamate  pro¬ 
duced  calpain  and  caspase-3  activation.  Calpain  inhibitor  II 
(A-acetyl-Leu-Leu-methionyl)  provided  protection  only  with  a 
narrow  dose  range,  whereas  carbobenzoxy-Asp-CH2-0C(O)- 
2,6-dichlorobenzene  (Z-D-DCB;  pan-caspase  inhibitor)  and 
MK-801  (A-methyl-D-aspartate  receptor  antagonist)  were  po¬ 
tently  effective  across  a  wider  dose  range.  Cycloheximide  did 
not  reduce  cell  death  or  protea.se  activation.  Key  Words:  Glu¬ 
tamate — Calpain — Caspase-3 — Protea.ses, 


Previou.s  studies  have  reported  that  excitotoxicity  is 
as.sociated  primarily  with  necrosis  (Choi  et  al.,  1987; 
Siman  and  Card,  1988).  More  recent  studies  have  main¬ 
tained  that  both  necrotic  and  apoptotic  mechanisms  are 


Received  June  21,  1999;  revised  manuscript  received  November  1 1, 
1999;  accepted  November  17,  1999. 

Supported  by  National  Institutes  of  Health  grants  ROI  NS21458, 
ROl  NS38105,  and  ROI  NS40182,  US  Army  DAMD 17-99- 1-9565, 
University  of  Pittsburgh  Navy  Project  NOOO 14-99- 1-0765,  and  an  en¬ 
dowment  from  the  Vivian  L.  -Smith  Center  for  Neurologic  Rc.search. 

Address  correspondence  and  reprint  requests  to  Dr.  Ronald  I..  Hayes, 
Center  for  Traumatic  Brain  Injury  Studies,  Department  of  Neurosci¬ 
ence,  University  of  Florida,  P.  O.  Box  100244,  100  Newell  Dr.,  1.1- 
lOOF.  Gainesville,  FL  32610-0244,  U.S.A. 

Abbreviations  used:  BDP.  breakdown  product;  DMEM,  Delbecco’s 
modified  Eagle’s  medium;  FDA,  fluorescein  diacetate;  GFAP,  glial 
fibrillary  acidic  protein;  LDH,  lactate  dehydrogenase;  MAP-2,  micro¬ 
tubule-associated  protein-2;  NeuN,  neuronal  nuclear  marker;  NMDA, 
V-methyl-D-aspartate;  PBS,  phosphate-buffered  saline;  PI,  propidium 
iodide;  Z-D-DCB,  carbobenzoxy-Asp-CH2-OC(0)-2.6-dichloro- 
benzene. 


activated  after  excessive  stimulation  of  vtu-ious  gluta¬ 
mate  receptor  subtypes  (Bonfoco  et  al.,  1995).  However, 
the  precise  mode  of  excitotoxic  neuronal  cell  death  re¬ 
mains  controversial.  Inconsistent  reports  of  cell  death 
phenotypes  produced  specifically  by  glutamate  toxicity 
in  vitro  have  no  doubt  contributed  to  this  controversy. 
For  example,  a  number  of  investigators  have  reported 
glutamate-induced  apoptotic-Iike  cell  death  characteris¬ 
tics  in  culture  (Bonftxjo  et  al.,  1995;  Cebers  et  al.,  1997; 
Du  et  al.,  1997;  Kure  et  al.,  1991).  In  contrast,  other 
investigators  have  concluded  that  glutamate  toxicity  does 
not  produce  apoptotic  cell  death  profiles  (Ikeda  et  al., 
1996;  MacManus  et  al.,  1997).  Comptui.son  of  data  from 
these  studies  is  complicated  by  the  use  of  different  cul¬ 
ture  .systems,  dillerent  criteria  for  defining  apoptotic  cell 
death  phenotypes,  and  different  glutamate  dosing  regi¬ 
mens.  Equally  important,  and  with  few  exceptions  (Du  et 
al.,  1997;  Nath  et  al.,  1998),  the  possible  contribution  of 
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calpains  and  caspases  as  proteolytic  mediators  t)f  ne¬ 
crotic  and  apoptotic  cell  death  has  not  been  characterized 
in  models  of  glutamate  toxicity. 

Caspases,  members  of  the  cysteine  protease  family, 
are  important  intracellular  effectors  of  apoptosis  in  vari¬ 
ous  cell  lines  and  apoptotic  models  (Nath  et  al.,  19%«./;; 
Pike  et  al..  1998/>;  Zhivotov.sky  et  al.,  1997).  The  role  of 
caspa.se- 1,  caspa.se-3,  and  caspase-3-like  (ca.spase-3,  -6, 
and  -7)  proteases  has  been  the  focus  of  numerous  inves¬ 
tigations.  Although  the  contribution  of  caspase- 1  to  ap- 
opto.sis  in  the  central  nervous  system  has  not  been  well 
establi.shed  (Nath  et  al.,  1996^/?;  Wang  et  al.,  1998;  Zhi- 
votovsky  et  al.,  1997),  a  number  of  studies  have  impli¬ 
cated  caspa.se-3-likc  protea.ses  in  neuronal  apoptotic  cell 
death  (Nath  et  al..  \996a,h;  Pike  et  al.,  1998)?;  Wang  et 
al.,  1998).  In  fact,  some  .studies  suggest  that  caspase-3- 
like  proteases  are  activated  only  in  apoptosis  but  not  in 
necrosis  (Wang  et  al.,  1996/?).  Calpains  are  calcium- 
activated,  neutral,  cyto.solic  cysteine  protea.ses  (Nath  et 
al.,  1996/?).  Although  inve.stigators  have  hi.storically  as¬ 
sumed  that  calpain  activation  resulted  in  necrotic  cell 
death,  several  recent  investigations  have  suggested  that 
calpains  can  al.so  contribute  to  apoptosis  (Nath  et  al., 
1996rt;  Pike  et  al.,  1998/?;  .Squier  et  al.,  1994).  Impor¬ 
tantly,  calpain  activation  has  been  implicated  in  different 
models  of  apopto.sis  in  different  cell  types  including  neu¬ 
rons  (Nath  et  al.,  1996r/;  Pike  et  al.,  1998/?;  Squier  et  al., 
1994).  A  recent  study  provided  evidence  of  increased 
calpain  and  ca.spa.se-3  activity  in  rat  cortical  and  cerebel¬ 
lar  granule  neurons  challenged  with  excitotoxins  N- 
methyl-[)-a.spartate  (NMDA),  2-amino-3-hydroxy-.5- 
methylisoxazole-4-propionic  acid,  and  kainate,  although 
they  provided  no  data  on  cell  death  phenotypes  (Nath  et 
al.,  1998).  Similarly,  Du  et  al.  (1997)  reported  that  acti¬ 
vation  of  ca.spase-3-related  protea.ses  is  required  for  glu¬ 
tamate-mediated  apoptosis  in  rat  cerebellar  granule  neu¬ 
rons.  However,  the.se  authors  did  not  examine  calpain 
activity. 

To  address  these  inconsistencies  in  studies  of  excito- 
toxic  cell  death  pathways,  our  laboratory  has  .systemati¬ 
cally  characterized  the  phenotypic  characteristics  of 
apoptotic  cell  death  produced  by  staurosporine  (Pike  et 
al.,  1998/?)  and  necrotic  cell  death  produced  by  maito- 
toxin  (Zhao  et  al.,  1999)  in  primary  cultures  of  septohip- 
pocampal  neurons.  We  chose  this  culture  system  because 
the  hippocampus  is  preferentially  vulnerable  to  a  number 
of  acute  insults  including  i.schemia  (Jenkins  et  al.,  1989) 
and  mechanical  trauma  (Lyeth  et  al.,  1990).  The  present 
study  represents  the  first  characterization  of  apoptotic 
and  necrotic  cell  death  after  glutamate  toxicity  in  relation 
to  activation  of  calpain  and  caspa.se-3  protea.ses.  Recog¬ 
nizing  that  criteria  for  cell  death  phenotypes  are  subject 
to  controversy  (Pt?rtera-Cailliau  et  al.,  1997),  we  incor¬ 
porated  a  number  of  widely  utilized  morphological,  bio¬ 
chemical,  and  molecular  criteria  to  describe  cell  death 


characteristics  in  neurons  and  glia  after  glutamate  expo¬ 
sure.  Results  of  this  investigation  indicate  that  glutamate 
can  elicit  an  apoptotic  biochemical  response  not  a.s.soci- 
ated  with  apoptotic  cell  morphology.  This  result  has  im¬ 
portant  implications  for  pharmacological  treatment  of 
cell  death,  even  in  cases  where  apoptosis  is  not  thought 
to  play  an  important  role. 

MATERIALS  AND  METHODS 

Scptohippocanipal  cultures 

Fighteen-day-old  rat  fetuses  were  removed  from  deeply 
anesthetized  dams.  Septi  and  hippocampi  were  dis.sected  in  a 
dissection  buffer  (Hanks’  balanced  salt  solution,  with  4.2 
mmoi/L  bicarbonate.  1  rnmol/L  pyruvate.  20  mmol/I,  N-2- 
hydroxyethylpiperazine-iV’-2-ethane.sulfonate,  3  mg/mL  bo¬ 
vine  serum  albumin,  pH  7.2.“?).  After  rinsing  in  Dulbecco’s 
modified  Eagle’s  medium  (DMEM),  tissue  was  dis,sociated  by 
trituration  through  the  narrow  pore  of  a  fiame-constricted  Pas¬ 
teur  pipette.  Dissociated  ceils  were  resuspended  in  DMEM  with 
10%  fetal  calf  serum  and  plated  on  24-well  poly-i.-lysine- 
coated  plastic  culture  plates  or  12-mm  German  glass  (Erie  .Sci¬ 
entific  Co.,  Portsmouth,  NH,  U.S.A.)  at  a  density  of  4.36  x  10“' 
cells/niL.  Cultures  were  maintained  in  a  humidified  incubator 
in  an  atmosphere  of  5%  COj  at  37°C.  After  5  days  in  culture, 
the  medium  was  changed  to  DMEM  with  5%  horse  serum. 
Subsequent  medium  changes  were  carried  out  three  times  a 
week.  By  day  10  in  vitro,  astrocytes  formed  a  confluent  mono- 
layer  beneath  morphologically  mature  neurons  and  experiments 
were  performed. 

For  neuronally  enhanced  cultures,  hippocampi  and  septi 
were  dissected  and  dissociated  as  described  above.  Dissociated 
cells  were  resuspended  in  DMEM  and  plated  on  24-well  poly- 
L-lysine-coaled  pla.stic  culture  plates  at  a  density  of  4.36  x  10'' 
cells/mL.  Cultures  were  maintained  in  a  humidified  incubator 
in  an  atmosphere  of  5%  COj  at  37°C.  Medium  was  changed 
three  times  a  week;  however,  only  50%  of  the  medium  was 
changed  each  time  to  enhance  neuronal  survival. 

Pharmacological  treatment  of 
septohippocampal  cell.s 

Glutamate.  Ten-day-old  mixed  septohippcKampal  cultures 
were  challenged  with  1.0,  2.0,  or  4.0  mmol/I.  glutamate  in 
DMEM  (serum-free),  and  cell  viability  was  monitored  at  vari¬ 
ous  postinjury  time  points  (n  =  10  wells/condition).  .Similar 
glutamate  concentrations  have  been  used  in  mixed  (Kure  et  al„ 
1991)  and  neuronal  (Ikeda  et  al.,  1996)  studies.  To  assess  the 
contribution  of  glia  to  differences  in  sensitivity  to  glutamate 
toxicity,  neuronally  enhanced  septohippcKampal  cultures  were 
also  incubated  in  varying  concentratierns  of  glutamate  (1 
p.mt?l/L  to  2.0  mmol/L)  for  24  hours  (n  =  3  well.s/condition). 
Glutamate  was  added  directly  to  the  medium  for  the  entire 
duration  of  experiments.  Experiments  were  performed  on  day 
10  in  vitro  as  .sensitivity  of  mixed  septohippcKampal  cultures  to 
glutamate  does  not  differ  between  10  and  15  days  in  vitro  (data 
not  shown). 

Fi-Methyl-D-aspartate  receptor  antagonism,  inhibition  of 
calpain  and  caspase  activation,  and  protein  .synthesis  inhibi¬ 
tion.  .Sister  cultures  were  pretreated  1  hour  before,  and  co¬ 
treated  during,  the  glutamate  challenge,  with  varying  doses  of 
the  NMDA  antagonist  MK-801  (RBI,  Natick,  MA,  U.S.A.;  10 
to  500  p,mol/L),  calpain  inhibitor  II  (/V-acetyl-Leu-Leu- 
methionyl;  5  to  100  p.mol/L;  Boehringer  Mannheim,  India- 
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napolis.  IN.  U.S.A.),  ihe  pan-caspase  inhibitor  carbobenzoxy- 
Asp-CH,-OC{0)-2,6-ciichlorobenzene  (Z-D-DCB;  30  to  .300 
p.mol/L;  Bachem,  King  of  Pru.ssia.  PA.  U.S.A. ).  or  the  protein 
.synthesis  inhibitor  cycloheximide  (I  pg/mL;  Sigma.  St.  Louis, 
MO.  U.S.A.).  All  inhibitors  were  administered  in  DMEM  (n  = 

3  wells/condition).  We  and  others  have  used  these  concentra¬ 
tions  to  provide  inhibition  of  NMDA  receptor-mediated  toxic¬ 
ity  (Carroll  et  al.,  1996).  calpain  activation  (Kanipfl  et  al., 
1996;  Pike  et  al.,  19986),  caspase-3-like  protease  activity  (Nath 
et  al.,  Wba.b:  Pike  et  al.,  19986),  and  protein  .synthesis  (Mar¬ 
tin  et  al.,  1988;  Pike  et  al.,  19986),  respectively.  As  noted 
below,  experimental  procedures  allowed  independent  assess¬ 
ments  of  whether  drugs  used  in  this  study  inhibited  activation 
of  calpains  and  caspa.se-3-like  proteases  inferred  by  a-spectrin 
proteolysis. 

Chemical  inducers  of  apoptotic  or  necrotic  cell  death  phe¬ 
notypes.  To  provide  comparisons  of  glutamate  toxicity  with 
classic  apoptotic  and  necrotic  profiles,  cultures  were  treated 
with  the  general  protein  kinase  inhibitor  staurosporine  or  mai- 
totoxin.  a  potent  marine  toxin  that  activates  both  voltage- 
sensitive  and  receptor-operated  calcium  channels.  Ten-day-old 
septohippocampal  cultures  w'cre  challenged  with  0.5  pmol/L 
staurosporine  for  24  hours,  a  dose  and  duration  that  we  have 
previously  confirmed  produce  apoptotic  but  not  necrotic  neu¬ 
ronal  cell  death  in  this  in  vitro  system  (Pike  et  al.,  19986).  The 
production  of  apoptotic  cell  death  by  staurosporine  is  as.s(K'i- 
ated  with  activation  of  both  ca.spa.se-3  and  calpain  proteases, 
and  staurosporine-induced  apoptosis  can  be  attenuated  by  cal¬ 
pain  or  caspa.se  inhibitors  (Pike  et  al.,  19986).  Cultures  were 
also  treated  with  maitotoxin  (0. 1  nmolA,  for  I  hour),  a  dose  and 
duration  that  we  have  previously  confimied  produce  an  exclu¬ 
sively  necrotic-like  cell  death  profile  in  neurons  and  glia  and 
are  associated  with  calpain  but  not  caspase-3  activation  (Zhao 
et  al.,  1999). 

Morphological  and  enzymatic  asses.smenLs  of 
cell  damage 

Fluorescein  diacetate  and  propidium  iodide  assay  of  cell 
viability.  Fluorescein  diacetate  (FDA)  and  propidium  iodide 
(PI)  dyes  were  used  to  assess  cell  viability  at  various  times 
between  1  and  72  hours  after  glutamate  incubation.  Fluorescein 
diacctate  enters  nonnal  cells  and  emits  a  green  fluore.scence 
when  it  is  cleaved  by  esterases.  Once  cleaved,  FDA  can  no 
longer  permeate  cell  membranes.  Propidium  iodide  is  an  intra- 
vital  dye  that  is  normally  excluded  from  cells.  After  injury,  PI 
penetrates  cells,  binds  to  DNA  in  the  nucleus,  and  emits  a  red 
fluorescence.  This  technique  is  commonly  used  to  quantitate 
cell  injury  (Jones  and  Senft,  1985). 

A  stock  solution  of  TOA  was  prepared  by  dissolving  20 
mg/mL  in  acetone.  A  PI  stock  solution  was  prepared  by  dis¬ 
solving  5  mg/mL  in  lx  phosphate-buffered  saline  (PBS)  (Jones 
and  Senft.  1985).  The  FDA  and  PI  working  .solutions  were 
freshly  prepared  hy  adding  10  p,L  of  the  FDA  and  3  pL  of  PI 
sttK’k  to  10  mL  of  Duibccco’s  PBS.  Two  hundred  microliters 
per  well  of  FDA/Pl  working  solution  was  added  directly  to  the 
cells.  Cells  were  stained  for  3  minutes  at  room  temperature. 
Stained  cells  were  examined  with  a  fiuorescence  microscope 
equipped  with  epi-illumination,  bandpass  450-  to  49()-nm  ex¬ 
citer  filter,  510-nm  chromatic  beam  splitter,  and  a  long-pass 
520-nm  barrier  filter.  This  filter  combination  permitted  both 
green  and  red  fluorescing  cells  to  be  .seen  simultaneously.  Cell 
viability  can  be  determined  because  this  procedure  results  in 
the  nuclei  of  dead  cells  fluorescing  red  and  the  cytoplasm  of 
living  cells  fluorescing  green.  Cell  loss  was  calculated  in  lOOx 
fields  (five  sequential  lOOx  fields  were  counted  and  averaged 


per  well)  for  three  wells  in  each  experiment  as  a  percentage  of 
total  cell  number. 

Hoech.st  stainin);  of  apoptotic  nuclei.  After  overnight  fixtition 
in  4‘X'  paraformaldehyde  at  d^C,  cells  grown  on  German  glass 
were  washed  three  times  with  PB.S  and  labeled  with  I  pg/mL 
of  the  DNA  dye  floechst  33258  (bis-benzamide;  Sigma)  in 
PBS.  Cells  were  incubated  for  5  to  10  minutes  at  room  tem¬ 
perature.  rinsed  with  PBS,  and  mounted  with  crystal-mount 
medium  (Biomeda.  Foster  City,  CA,  U.S.A.).  Cells  were  ob¬ 
served  and  photographed  on  a  phase  and  fluorescence  micro¬ 
scope  with  a  UV2A  filter. 

Detennination  of  lactate  dehydrogenase  activity  Lactate  de¬ 
hydrogenase  (LDH)  activity  as.scsscd  cell  viability  (Koh  and 
Choi,  1987)  in  experiments  examining  the  effects  of  NMDA 
receptor  antagonism  and  inhibition  of  calpain  and  caspasc  pro- 
tca.ses  and  protein  synthesis.  Lactate  dehydrogenase  released 
from  damaged  cells  was  measured  by  .standard  kinetic  assay  for 
pyruvate  (Boehringer  Mannheim).  An  increa.se  in  the  amount  of 
dead  or  plasma  membrane-damaged  cells  results  in  an  increase 
of  the  LDII  enzyme  activity  in  the  culture  supernatant  detected 
by  colorimetric  measurements.  In  brief.  200  pL  of  culture  mc- 
tlium  was  removed  from  each  well  and  centrifuged  at  5.0(K)  g 
for  5  minutes.  One  hundred  microliters  of  supernatant  w'as 
transfeiTed  to  each  well  of  a  96-well  flat  bottom  plate,  and  1(K) 
pL  of  detection  reagent  was  added.  The  plate  was  covered  with 
foil  and  incubated  on  a  shaker  for  30  minutes  at  room  tempera¬ 
ture.  The  absorbance  of  .samples  was  measured  at  490  nm  using 
Bio-Rad  model  450  microplate  reader  (Hercules,  CA,  U.S.A.). 

DNA  fragmentation  assay 

DNA  gel  electrophoresis  w'as  performed  as  described  previ¬ 
ously  (Gong  et  al.,  1994).  Cells  were  collected  by  centrifuga¬ 
tion  at  3,(X)0  g  for  5  minutes,  fixed  in  suspension  in  70%  cold 
ethanol,  and  stored  in  the  fixative  at  -20°C  for  24  to  72  hours. 
Cells  were  centrifuged  at  800  g  for  5  minutes,  and  the  ethanol 
was  thoroughly  removed.  Cell  pellets  were  resuspended  in  40 
pL  of  phosphate/citrate  buffer  consi.sting  of  192  parts  of  0.2 
mol/L  Na2HP04  and  8  parts  of  0.1  mol/I.  citric  acid  (pH  7.8)  at 
room  temperature  for  1  hour.  After  centrifugation  at  1 ,000  g  for 
5  minutes,  the  supernatant  was  transferred  to  new  tubes  and 
concentrated  by  vacuum  in  a  .Speed Vac  concentrator  for  15  to 
.30  minutes.  Three  microliters  of  0.25%  Nonidet  P-40  in  di.s- 
tilled  water  was  added,  followed  by  3  pL  of  DNase-free  RNase 
(1  mg/mL).  After  30-minute  incubation  at  37°C,  3  pL  of  pro¬ 
teinase  K  (1  mg/mL)  was  added,  and  the  extract  was  incubated 
for  an  additional  30  minutes  at  37°C.  After  the  incubation,  I  pL 
of  6x  loading  buffer  (0.25%  bromophenol  blue,  0.25%  xylene 
cyanol  FF.  and  30%  glycerol  in  water)  was  added,  the  entire 
content  of  the  tube  was  transferred  to  a  1.5%  agarose  gel.  and 
electrophoresis  was  performed  in  I  x  Tris/boric  acid/ethylene- 
diaminetetraacetate  solution  (0.1  mol/I,  Tris,  0.09  mol/L  boric 
acid,  and  I  mmol/L  ethylenediaminetetraacetate,  pH  8.4)  at  40 
V  for  2  hours.  The  DNA  was  visualized  and  photographed 
under  ultraviolet  light  after  staining  w'ith  5  pg/mL  ethidium 
bromide. 

Asses.sment  of  a-.spectrin  degradation  by  calpain 
and  caspa.se-3 

Because  the  cytoskeletal  protein  a-spectrin  contains  se¬ 
quence  motifs  preferred  by  both  calpains  and  caspase-3  prote¬ 
ases,  activation  of  the.se  two  protease  families  can  be  asses.sed 
concurrently  by  immunoblot  identification  of  calpain  and/or 
caspase-3  signature  cleavage  products.  Although  both  calpains 
and  caspases  produce  an  initial  fragment  of  nearly  identical  size 
(150  kDa),  calpains  further  process  a-spectrin  into  a  distinctive 
breakdown  product  (BDP)  of  145  kDa  (Harris  et  al..  1988;  Nath 
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et  al..  l9%a/>).  whereas  caspase-3  produces  a  unique  120-kDa 
BDP  (Wang  et  al.,  1998). 

Sodium  dodecyl  sulfate  polyacrylamide  gel  electrophoresis 
and  immunohlotting.  After  each  experiment,  cells  were  har¬ 
vested  from  five  identical  culture  wells,  collected  in  1.5-ml. 
centrifuge  tubes,  and  centrifuged  at  3,()(K)  g  for  5  minutes. 
Medium  was  removed,  and  the  cells  were  rinsed  with  lx  PBS. 
Cells  were  ly.sed  in  ice-cold  homogenization  buffer  [20  mmol/L 
1,4-piperazinediethane.sulfonate  (pH  7.6),  I  mmolA,  ethylene- 
diaminetetraacetate,  2  mmol/L  ethyleneglycol-bis-(P- 
aminoethyl  ether)-A,A,A^',/V' -tetraacetate,  1  mmol/L  dithio- 
threitol,  ()..S  mmoI/L  phenylmethylsulfonyl  fiuoride,  50  p.g/mL 
leupeptin,  and  10  |j,g/mL  each  of  4-(2-aminoethyl)benzene.sul- 
fonyl  fluoride,  aprotinin,  pepstatin.  /Va-p-tosyl-t.-lysine  chloro- 
methyl  ketone,  and  /V-tosyl-t.-phenylalanine  chloromethyl  ke¬ 
tone]  for  ,30  minutes  and  sheared  through  a  I.O-mL  syringe  1.3 
times  with  a  25-gauge  needle.  Protein  content  in  the  samples 
was  assayed  by  the  .Micro  bicinchroninic  acid  method  (Pierce. 
Rockford.  IL.  U.S.A.).  For  protein  electrophoresis,  equal 
amounts  of  total  protein  (30  ptg)  were  prepared  in  2x  loading 
buffer  containing  0.25  mol/l,  Tris  (pH  6.8).  0.2  mol/L  dithio- 
threitol,  8%  sodium  dodecyl  sulfate,  0.02%  bromophenol  blue, 
and  20%  glycerol  and  heated  at  95“C  for  10  minutes.  Samples 
were  resolved  in  a  vertical  electrophoresis  chamber  using  a  4% 
stacking  gel  over  a  6.5%  acrylamide  resolving  gel  for  1  hour  at 
2(X)  V.  For  immunoblotling,  separated  proteins  were  laterally 
transferred  to  nitrocellulose  membranes  (0.45  fxm)  using  a 
transfer  buffer  consisting  of  0.192  mol/l,  glycine  and  0.025 
mol/L  Tris  (pi  1  8.3)  with  10%  methanol  at  a  constant  voltage  of 
1(X)  V  for  1  hour  at  4“C.  Blots  were  blocked  overnight  in  5% 
nonfat  milk  in  20  mmol/L  Tris.  0.15  molA.  NaCI.  and  0.(X)5% 
Tween  20  at  4°C.  Gels  and  nitrocellulose  membranes  were 
stained  with  Coomassie  Blue  and  Ponceau  Red,  respectively 
(Sigma)  to  confirm  that  equal  amounts  of  protein  were  loaded 
in  each  lane. 

Antibodies  and  immunolabeling.  Immunoblots  were  probed 
with  an  anti-a-spectrin  monoclonal  antibody  (Affiniti  Research 
Products,  Mamhead,  U.K.;  catalog  no.  FG  6090,  clone  AA6) 
that  detects  intact  a-spectrin  (M,^  =  240  kDa)  and  150-.  145-, 
and  12()-kDa  BDPs.  After  incubation  with  primary  antibody 
( 1 :4,(X)())  for  2  hours  at  room  temperature,  blots  were  incubated 
in  peroxidase-conjugated  sheep  anti-mouse  IgCi  for  I  hour 
(1:10,000).  Enhanced  chemiluminescence  reagents  (ECL  kit; 
Amersham)  were  used  to  visualize  the  immunolabeling  on  Hy¬ 
perfilm  (Hypcrfilm  ECL;  Amer.sham,  Piscataway,  NJ,  U.S.A.). 

Hoechst  33258  staining  in  glial  or  neuronal 
cell  type.s 

To  determine  the  effects  of  glutamate  on  astroglial  and  neu¬ 
ronal  cell  types,  cultures  were  labeled  immimocyt(K;hemically 
with  glial  fibrillary  acidic  protein  (GFAP;  for  astroglia)  or  mi¬ 
crotubule-associated  protein-2  (MAP-2)  and  neuronal  nuclear 
marker  (NcuN;  for  neurons)  and  counterstained  with  Hoechst 
33258.  Microtubule-associated  protein-2  labels  primarily  den¬ 
drites,  whereas  NeuN  is  a  neuronal  nuclear  marker.  Cultures 
were  fixed  in  4%  paraformaldehyde  for  1  hour  at  d^C  and 
washed  and  stored  in  lx  PBS.  Cultures  were  permcabilized 
with  0.3%  Triton  X-100  for  .30  minutes  and  blocked  with  1% 
normal  horse  or  goat  serum  at  rcxim  tetnperature  for  I  hour, 
followed  by  incubation  with  GFAP  (1:1,000)  or  MAP-2  and 
NeuN  (1:1,()(X))  antibody  overnight  at  4°C.  Cultures  were 
washed  in  lx  PBS  and  incubated  in  horseradish  peroxidase- 
conjugated  goat  anti-rabbit  IgG  (for  GFAP)  or  sheep  anti¬ 
mouse  IgG  (for  MAP-2  and  NeuN)  (Cappel  [Durham.  NC, 
U.S.A.[;  1:I,0(X))  for  1  hour.  Cultures  w'ere  washed  three  times 


in  lx  PBS.  and  diaminobenzidinc  (Vector.  Burlingame,  CA, 
IJ.S.A.)  was  u.scd  to  vi.suali/.e  the  reaction.  After  incubation  in 
diaminobenzidinc,  the  reaction  was  stopped  in  tap  water,  and 
cultures  were  counterstained  with  Hoechst  33258  for  5  minutes. 
After  a  final  wash,  cells  were  mounted  and  coverslipped  with 
Cytoseal  280  mounting  medium  (EMS,  Fort  Washington.  P.A. 
U.S.A.).  Each  slide  was  observed  and  photographed  in  the 
.same  field  using  light  (for  immunolabeled  cells)  and  fluores¬ 
cence  (for  Hoechst  33258-labeled  cells)  micro.scopy.  A  phase 
contrast  microscope  (Axiovert  135)  was  used  to  distinguish  the 
glial  and  neuronal  cell  layers. 

Statistical  analy.ses 

Each  experiment  was  performed  three  times,  and  data  were 
evaluated  by  analysis  of  variance  with  a  post  hoc  Tukey  test. 
Values  are  given  as  means  ±  I  .SD.  Differences  were  con.sidered 
significant  at  P  <  0.05. 

RESULTS 

Effects  of  glutamate  on  septohippocampal 
glial-neuronal  co-cultures 

Dose-  and  time-dependent  cell  death.  An  initial  series 
of  experiments  was  conducted  to  determine  dose- 
response  relationships  between  glutamate  concentrations 
and  cell  viability  at  various  times  after  incubation  w'ith 
the  excitotoxin.  Propidium  iodide  and  FDA  were  used  to 
assess  cell  death  and  membrane  integrity.  Exposure  of 
mixed  septohippocampal  cultures  to  1.0,  2.0,  and  4.0 
mmol/L  glutamate  induced  a  dose-dependent  cell  death 
with  an  LD,,,  of  2.0  mmol/L  glutamate  after  24-hour 
incubation  (Fig.  lA).  The  percentages  of  cells  that 
stained  for  PI  after  exposure  to  2.0  mmol/L  glutamate 
were  14.6%  at  1  hour,  17.5%  at  3  hours,  27.1%  at  6 
hours,  and  51.3%  at  24  hours  (Fig.  lA).  A  one-way 
analysis  of  variance  performed  on  these  data  revealed  a 
significant  effect  of  group  (F, =  13.13,  P  <  0.(XX)1). 
Post  hoc  analyses  showed  significant  increases  in  cell 
death  after  1.0  mmol/L  glutamate  for  24  hours  and  at  all 
time  points  using  2.0  and  4.0  mmol/L  glutamate  com¬ 
pared  with  control  cells.  Incubation  with  2.0  mmol/l, 
glutamate  for  24  hours  was  used  for  most  subsequent 
experiments,  unless  stated  otherwise.  Similar  glutamate 
concentrations  have  been  used  to  study  cell  death  in 
other  glial-neuronal  co-culture  systems  (Kure  et  al., 
1991;  also  see  Ikeda  et  al.,  1996).  The  LDj,,  for  gluta¬ 
mate  in  neuronally  enhanced  cultures  (-10  pmol/l,;  Fig. 
1 B)  is  similar  to  values  reported  for  glutamate  in  other 
neuronally  enhanced  cultures  (Manev  et  al.,  1991).  Uni¬ 
variate  analysis  of  these  data  also  showed  a  significant 
effect  of  group  {E-, jf,  =  1 16,  F  <  0.0001 ),  and  post  hoc 
analyses  revealed  significant  increa.ses  in  cell  death  at  all 
concentrations  tested. 

Morphological  re.spon.ses  to  glutamate  challenge.  Glu¬ 
tamate-treated  septohippocampal  cultures  underwent 
morphological  alterations  in  cell  structure  that  were  char¬ 
acteristic  of  neither  apoptosis  nor  necrosis  (Figs.  2  and 
3).  For  example,  after  6  hours  of  incubation  with  2.0 


J  Cereh  Blood  Flow  Mctah,  Vol.  20,  No.  J,  2000 


554 


X.  ZHAO  ETAL 


A  Glutamate  Excitotoxicity  in 

Mixed  Cultures 


Glutamate  Excitotoxicity  in 
Neuronally  Enhanced  Cultures  (24h) 


Glutamate  Dose 

FIG.  1.  Concentration  and  time  course  assays  of  glutamate- 
induced  cell  death.  (A)  Mixed  septohippocampal  cultures.  Cul¬ 
tures  were  exposed  to  varying  doses  of  glutamate  (1.0,  2.0,  4.0 
mmol/L)  for  1,  3,  6,  or  24  hours.  Cell  loss  was  calculated  using 
fluorescein  diacetate/propidium  iodide  (FDA/PI)  staining  and  ex¬ 
pressed  as  a  percentage  of  total  cell  number.  The  LDgo  for  glu¬ 
tamate  was  2.0  mmol/L  after  24-hour  incubation.  (B)  Neuronally 
enhanced  cultures.  Cultures  were  exposed  to  varying  doses  of 
glutamate  (1  pmol/L  to  2.0  mmol/L)  for  24  hours.  Cell  loss  was 
calculated  using  FDA/PI  staining  and  expressed  as  a  percentage 
of  total  cell  number.  All  doses  examined  produced  significant 
increases  in  the  number  of  cells  stained  with  PI  compared  with 
control  uninjured  cultures.  The  LD50  for  glutamate  in  neuronally 
enhanced  cultures  was  -1 0  pmol/L.  *P  <  0.05,  "P<  0.01 ,  ***P  < 
0.001. 

mmol/L  glutamate  (Fig.  2D),  PI  staining  detected  greater 
nuclear  swelling  than  oKserved  in  maitotoxin-induced 
necrosis  (Fig.  2B)  or  staurosporine-induced  apoptosis 
(Fig.  2C).  In  addition,  there  was  no  evidence  of  apoptotic 
membrane  blebbing  or  necrotic  enlargement  of  cell  bod¬ 
ies,  as  .seen  in  cells  injured  with  staurosporine  (Fig.  2C) 
or  maitotoxin  (Fig.  2B),  respectively.  The  FDA/Pl  stain¬ 
ing  of  uninjured  control  cultures  showed  healthy  FDA¬ 
positive  cell  bodies  and  few  cells  stained  with  PI  (Fig. 
2A). 

Hoechst  staining  of  nuclear  chromatin  further  charac¬ 
terized  cell  death  characteristics  of  glutamate  toxicity  in 


septohippocampal  cultures  (Fig.  3).  Treatment  with  mai¬ 
totoxin  (0.1  nmol/L)  for  I  hour  produced  necrotic  cell 
death  (Figs.  3B  and  3F)  that  was  characterized  by  a  pyk- 
notic  but  even  distribution  of  chromatin  staining.  Nuclei 
of  maitotoxin-treated  cells  appeared  smaller,  with  more 
condensed  chromatin,  yielding  brighter  Hoechst  staining. 
Consistent  with  necrotic-like  cell  death.  Hoech.st  staining 
did  not  detect  chromatin  marginization  to  the  nuclear 
envelope,  formation  of  apoptotic  bodies,  or  other  pheno¬ 
typical  evidence  of  apoptotic-like  profiles.  In  contrast, 
treatment  with  staurosporine  (0.5  |xmol/L)  for  24  hours 
(Figs.  3C  and  3G)  produced  increased  condensation  and 
marginization  of  chromatin  to  the  nuclear  envelope  as 
well  as  formation  of  den.se  apoptotic  bodies.  Treatment 
w'ith  glutamate  (2.0  mmol/L)  for  6  hours  (Figs.  3D  and 
3H)  produced  morphological  alterations  that  differed 
from  the  classic  necrotic  and  apoptotic  changes  observed 
after  maitotoxin  or  staurosporine  exposure.  After  gluta¬ 
mate  treatment,  cell  nuclei  were  enlarged  and  eccentri¬ 
cally  shaped.  In  addition,  chromatin  was  aggregated  in  a 
diffusely  speckled  pattern  throughout  the  entire  nucleus. 
Chromatin  clumping  along  nuclear  margins  and  evidence 
of  apoptotic  body  fonnation  were  not  observed  in  gluta¬ 
mate-treated  cells.  Additional  experiments  examined 
changes  in  nuclear  morphology  after  1  hour,  24  hours,  3 
days,  or  5  days  of  incubation  with  2.0  mmol/L  glutamate. 
Hoechst  staining  revealed  that  there  were  no  apparent 
changes  in  nuclear  morphology  over  this  5-day  period 
(data  not  shown). 

DNA  fragmentation.  Endonuclytic  DNA  fragmenta¬ 
tion  can  occur  independently  of  chromatin  condensation 
(Lin  and  Chou,  1 992).  Thus,  a  DNA  fragmentation  assay 
was  used  to  determine  whether  DNA  alterations  in  sep¬ 
tohippocampal  cultures  asses.sed  by  Hoechst  33258 
staining  were  associated  with  endonuclease  activity.  No 
dose  of  glutamate  tested  (0.5,  1.0,  2.0,  or  4.0  mmol/L) 
produced  evidence  of  DNA  laddering  after  24  hours  of 
incubation  (Fig.  4)  or  for  any  other  length  of  incubation 
tested  (15  minutes  to  5  days;  data  not  shown).  Treatment 
with  maitotoxin  akso  failed  to  produce  DNA  ladders,  a 
profile  consistent  with  necrotic  cell  death.  In  contra.st, 
treatment  with  staurosporine  produced  readily  detectable 
nucleosomal-size  DNA  fragments  characteristic  of  many 
apoptotic  model  systems. 

Induction  of  cell  death  in  both  neurons  and  astroglia 
in  .septohippocampal  cultures  by  glutamate.  To  identify 
the  type  of  cell  (that  is,  a.stroglial  versus  neuronal)  in¬ 
jured  by  glutamate  treatment,  cells  were  stained  with 
Hoechst  33258  and  immunolabeled  with  anti-MAP-2 
and  anti-NeuN  to  identify  neurons  (Fig.  5)  or  anti-GFAP 
to  identify  a,stroglia  (Fig.  6).  After  incubation  with  glu¬ 
tamate  (2.0  mmol/L)  for  24  hours  (Figs.  5C  and  5D),  the 
number  of  NeuN-immunopositive  neurons  was  markedly 
reduced  as  compared  with  control  cultures  (Figs.  5A  and 
5C).  In  addition,  broken  dendritic  processes  were  appar- 
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FIG.  2.  Fluorescein  diacetate  (FDA)  and  propidium  iodide  (PI) 
staining  of  septohippocampal  cultures.  (A)  Control  cultures.  Note 
normal  somal  structure  in  cells  that  take  up  FDA  (green  fluores¬ 
cence)  and  the  lack  of  PI  uptake  (red  fluorescence).  (B)  Treat¬ 
ment  with  maitotoxin  (0.1  nmol/L)  for  1  hour.  After  maitotoxin 
treatment,  cell  bodies  stained  with  FDA  were  enlarged,  whereas 
Pl-positive  nuclei  appeared  small  and  uniformly  rounded,  fea¬ 
tures  characteristic  of  necrotic  cell  death.  In  addition,  fewer  living 
cells  were  detected.  (C)  Treatment  with  staurosporine  (0.5  pmol/ 
L)  for  24  hours.  After  staurosporine  treatment,  numerous  nuclei 
showed  positive  staining  for  PI.  Unlike  maitotoxin-induced  necro¬ 
sis,  cell  bodies  stained  with  FDA  were  not  enlarged  but  did  show 
evidence  of  membrane  blebbing  (arrow),  indicating  a  preserved 
integrity  of  the  plasma  membrane  characteristic  of  apoptosis.  (D) 
Treatment  with  glutamate  (2.0  mmol/L)  for  6  hours.  After  gluta¬ 
mate  treatment,  PI  staining  detected  greater  nuclear  swelling 
than  observed  in  maitotoxin-induced  necrosis  (B)  or  staurospo- 
rine-induced  apoptosis  (C).  In  addition,  there  was  no  evidence  of 
apoptotic  membrane  blebbing  or  necrotic  enlargement  of  cell 
bodies.  Bar  =  5  pm. 


ent  as  well  as  loss  of  MAP-2  immunoreactivity  (Fig.  5C). 
The  MAP-2  immunohistochemi.stry  also  detected  promi¬ 
nent  dendritic  beading  after  glutamate  treatEnent  (Fig. 
5C).  Hoech.st  staining  in  injured  neurons  revealed  chro¬ 
matin  aggregation  in  a  diffusely  speckled  pattern  with  no 
chromatin  clumping  along  nuclear  margins  (Fig.  5D). 
Incubation  with  glutamate  (2.0  mmol/L)  for  24  hours 
resulted  in  glial  cell  death  (Figs.  6C  and  6D)  that  was 
associated  with  cell  shrinkage  and  membrane  folding. 
These  changes  ultimately  resulted  in  complete  cell  de¬ 
tachment  and  loss  of  confluence  of  the  glial  monolayer. 
After  injury,  Hoechst  staining  revealed  DNA  aggregation 
in  a  diffusely  .speckled  pattern  (Fig.  6D)  in  some  GFAF’- 
positive  ceils  (Fig.  6C).  Hoech.st  staining  in  injured  glia 
revealed  a  sifiiilar  nuclear  profile  to  that  observed  in  glu¬ 
tamate-treated  neurons  (Fig.  5D  vs.  Fig.  6D). 

('alpain  and  ca.spase-3  proteoly.sis  of  a-spectrin 

Proteolysis  of  a-spectrin  into  1,50-kDa,  calpain- 
specific  145-kDa,  and  ca.spase-3-specific  120-kDaBDPs 
was  examined  after  incubation  with  varying  do.ses  of 
glutamate  ( 1 .0,  2.0,  and  4.0  mmol/L)  for  3, 6,  or  24  hours 
(Fig.  7).  Magnitudes  of  calpain  and  caspa.se-3  activation 
were  dependent  on  concentrations  of  glutamate  and  du¬ 
rations  ot  incubation.  In  general,  every  do.se  of  glutamate 
tested  produced  prominent  calpain  activation.  Lower  glu¬ 
tamate  concentrations  (1.0  and  2.0  mmol/L)  produced 
modest  but  sustained  caspasc-3  activation.  The  highest 
dose  ot  glutamate  (4.0  mmol/L)  produced  prominent 
ca.spase-3  activation  after  6  hours  of  incubation. 

Effects  of  A^-niethyl-i)-aspartate  receptor 
antagonism  and  inhibition  of  calpains,  caspases,  and 
protein  synthesis  on  cell  viability  and 
a-spectrin  proteolysis 

Cell  viability  assessments.  Lactate  dehydrogenase  re- 
lea.se  asse.s.sed  cell  viability  6  hours  after  incubation  with 
2.0  mmol/L  glutamate  alone  or  in  combination  with 
viirying  do.ses  of  the  NMD  A  receptor  antagonist  MK-801 
(10  to  .“iOO  p,mol/L),  calpain  inhibitor  II  (5  to  100  p,mol/ 
L),  and  the  pan-caspase  inhibitor  Z-D-DCB  (30  to  3(X) 
p.mol/L;  Fig.  8).  A  significant  effect  of  group  was  shown 
by  a  one-way  analysis  of  variance  for  MK-801  (Ff,  ,4  = 
89.05,  P  <  0.0001)  and  Z-D-DCB  (Fft.,4  =  82.77,  P  < 
0.0(K)1)  but  not  for  calpain  inhibitor  II  (F5 ,2  =  3.03,  P 
=  0.0535).  Post  hoc  analyses  revealed  significant  dif¬ 
ferences  in  LDH  relea.se  between  glutamate-injured  and 
control  cells  and  between  glutamate-injured  cells  and 
cells  treated  with  all  MK-8()1  do.ses,  25  p,mol/L  calpain 
inhibitor  II,  and  30  to  200  p,mol/L  Z-D-DCB.  MK-801 
provided  optimal  protection  at  100  p,mol/l,  concentra¬ 
tions,  inferred  by  LDH  relea,se  (Fig.  8A);  calpain  inhibi¬ 
tor  II  provided  minimal  protection  against  cell  death  at 
25  (cmol/L  concentrations  (Fig.  8B);  and  Z-D-DCB  pro¬ 
vided  optimal  protection  at  50  to  100  p.mol/L  concen¬ 
trations  (Fig.  8C). 
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FIG.  3.  Course  of  nuclear  morphological  alterations  during  glutamate-induced  cell  death  detected  by  Hoechst  33258  staining.  (A  and  E) 
Control  cultures.  Note  diffuse  chromatic  staining.  (B  and  F)  Treatment  with  maitotoxin  (0.1  nmol/L)  for  1  hour.  An  even  distribution  of  DNA 
staining  in  maitotoxin-treated  cells  Is  evident.  Nuclei  of  maitotoxin-treated  cells  appear  smaller,  with  more  condensed  chromatin  yielding 
brighter  Hoechst  staining.  Consistent  with  necrotic-like  cell  death,  Hoechst  staining  did  not  detect  nuclear  chromatin  margination  or 
formation  of  apoptotic  bodies.  (C  and  G)  Treatment  with  staurosporine  (0.5  pmol/L)  for  24  hours.  Hoechst  staining  detected  increased 
condensation  and  margination  of  chromatin  to  the  nuclear  envelope  and  the  formation  of  dense  apoptotic  bodies.  (D  and  H)  Treatment 
with  glutamate  (2.0  mmol/L)  for  6  hours.  Glutamate  treatment  produced  eccentric-shaped,  enlarged  nuclei.  The  DNA  aggregation 
appeared  in  a  diffusely  speckled  pattern  throughout  the  nucleus  with  no  chromatin  clumping  along  nuclear  margins  or  evidence  of 
apoptotic  body  formation.  Bars  =  5  pm  (A  to  D)  and  2.5  pm  (E  to  H). 
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FIG.  4.  Analysis  of  oligonucleosomal-sized  fragmentation  of 
DNA  by  endonucleases  following  treatment  with  glutamate,  stau- 
rosporine,  or  maitotoxin.  No  dose  of  glutamate  tested  (0.5,  1 .0, 
2.0,  4.0  mmol/L)  produced  evidence  of  DNA  ladders  after  24 
hours  of  incubation.  Treatment  with  maitotoxin  (0.1  nmol/L  for  1 
hour,  a  dose  producing  necrotic-like  cell  death  at  this  time  point) 
also  failed  to  produce  DNA  ladders.  In  contrast,  treatment  with 
staurosporine  (0,5  pmol/L  for  24  hours,  a  dose  producing  apop- 
totic-like  cell  death  at  this  time  point)  produced  readily  detectable 
nucleosomal-sized  DNA  fragments. 

a-Spectrm  proteolysis.  Western  blol.s  examined  prote¬ 
olysis  of  a-spectrin  into  150-kDa,  calpain-specific  145- 
kDa,  and  caspase  3-.spccific  120-kDa  BDPs  detected  af¬ 
ter  6  hours  of  glutamate  incubation  alone  (2.0  mmol/l.) 
or  in  combination  with  optimal  doses  of  calpain  inhibitor 
II  (25  |xmol/L),  MK-8()1  (100  pimol/L),  Z-D-DCB  (50 
p-mol/L),  and  cycloheximide  (1  |xg/ml).  The  effects  of 
these  drugs  on  a-spectrin  proteolysis  were  comptired 
with  their  effectiveness  in  protecting  again.st  glutamate 
cell  death,  inferred  by  LDH  release  (Fig.  9).  Glutamate 
treatment  was  sometimes  associated  with  an  additional 
lower  molecular  mass  band,  suggesting  further  process¬ 
ing  of  a-spectrin  not  ob,served  in  control  cultures.  A 
one-way  analysis  of  variance  revealed  a  significant  effect 
of  group  (F,  12  =  193,  P  <  0.0001).  Post  hoc  analy.ses 
showed  significant  differences  between  glutamate- 
injured  and  control  cells  and  between  glutamate-injured 
cells  and  cells  treated  with  calpain  inhibitor  II,  Z-D- 
DCB,  or  MK-801.  Although  calpain  inhibitor  II  signifi¬ 
cantly  inhibited  calpain  activation,  inhibition  only  mini¬ 
mally  reduced  LDH  release.  The  pan-caspase  inhibitor 


Z-D-DCB  significantly  reduced  caspa,se-3  activation  as 
well  as  LDH  release.  The  protein  .synthesis  inhibitor  cy¬ 
cloheximide  failed  to  block  calpain  or  ca.spase-3  activa¬ 
tion  or  to  reduce  LDH  relea.se.  MK-801  significantly 
reduced  calpain  activation  as  well  as  LDH  relea.se. 

DISCUSSION 

The  pre.sent  study  provides  the  first  systematic  exami¬ 
nation  of  cell  death  phenotypes  a.s.sociated  with  gluta¬ 
mate  toxicity  in  primary  mixed  neuronal  cultures.  The 
study  also  provides  the  first  concurrent  assessment  of 
potential  contributions  of  two  important  families  of  cys¬ 
teine  protea.ses,  calpains  and  caspases.  to  glutamate- 
induced  cell  death  in  any  model  system.  Our  data 
suggest  that  activation  of  ca.spase-3  could  be  an  impor¬ 
tant  mediator  of  glutamate  toxicity.  Activation  of 
calcium-dependent  proteases  also  contributes  to  gluta¬ 
mate  toxicity,  although  calpain  inhibition  was  not 
as  effective  at  providing  protection  against  cell  death 
as  was  Z-D-DCB.  However,  Z-D-DCB  is  a  pan-caspase 
inhibitor,  and  thus  its  more  robust  protection  may  be 
due  to  inhibition  of  caspases  other  than  caspa.se-3.  Im¬ 
portantly,  glutamate-induced  cell  death  did  not  re.semble 
apoptotic  or  necrotic  phenotypes  produced  in  this  same 
cell  system  by  chemical  inducers  of  apoptosis  or  necro¬ 
sis. 

(xlutamate  toxicity  in  mixed  primary 
septohippocampal  cell  cultures 

Dose-response  analyses  showed  that  2.0  mmol/L  glu¬ 
tamate  produced  -50%  cell  death  in  mixed  neuronal- 
glial  cultures  after  24  hours  of  incubation.  Glutamate- 
induced  cell  death  in  the  pre.sent  study  was  inferred  by 
both  FDA/PI  staining  and  LDH  relea.se.  In  .separate  stud¬ 
ies,  we  have  confinned  that  these  two  measures  provide 
congruent  a.s.sessments  of  loss  of  cell  viability  (data  not 
shown).  Researchers  usually  find  that  neuronally  en¬ 
hanced  cultures  are  more  sensitive  to  glutamate  toxicity 
than  mixed  neuronal-glial  cultures  (Adamec  et  al.,  1998; 
Manev  et  al.,  1991),  although  some  investigations  have 
used  millimolar  concentrations  to  study  glutamate  exci- 
totoxicity  in  neurons  (Ikeda  et  al.,  1996).  Higher  concen¬ 
trations  of  glutamate  required  in  mixed  culture  sy.stems 
are  largely  attributable  to  the  formation  of  a  confluent 
monolayer  of  astrocytes  on  which  the  neurons  grow.  As¬ 
trocytes  act  as  glutamate  sinks,  aminating  this  neuro¬ 
transmitter  to  form  glutamine  (Murphy  and  Horrocks, 
1994).  Investigators  often  report  that  astrocytes  can  pro¬ 
tect  neurons  from  glutamate  excitotoxicity  (Sass  et  al., 
1993)..  We  confirmed  the  contribution  of  astrocytes  to 
reduced  glutamate  toxicity  in  our  culture  system  by  dem¬ 
onstrating  that  neuronally  enhanced  septohippocampal 
cultures  have  dramatically  increa.sed  sensitivity  to  gluta¬ 
mate  toxicity  (Fig.  IB). 

Major  glutamate  receptors  studied  to  date  are  ex- 
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FIG.  5.  Effects  of  glutamate  toxicity  on  neurons  in  mixed  septohippocampal  cultures.  Neurons  were  stained  with  both  microtubule- 
associated  protein-2  (MAP-2)  and  neuronal  nuclear  marker  (NeuN)  (A  and  C)  and  Hoechst  33258  (B  and  D).  Control  cultures  (A  and  B) 
showed  normal  somatic  and  nuclear  morphology  (arrows).  After  incubation  with  glutamate  (2.0  mmol/L)  for  24  hours  (C  and  D),  the 
number  of  immunopositive  neurons  was  markedly  reduced.  Broken  dendritic  processes  were  apparent  (C,  arrowheads)  as  well  as  some 
loss  of  MAP-2  immunoreactivity  (C,  straight  filled  arrow).  In  addition,  MAP-2  immunohistochemistry  detected  prominent  dendritic  beading 
(C,  curved  arrow).  Hoechst  staining  in  injured  neurons  revealed  DNA  aggregation  in  a  diffusely  speckled  pattern  with  no  chromatin 
clumping  along  nuclear  margins  (D,  filled  arrow).  Occasionally,  Hoechst  staining  detected  condensed  chromatin  staining  in  the  absence 
of  formation  of  apoptotic  bodies  (D,  open  arrow).  These  changes  were  observed  in  injured  neurons  (C,  open  arrow).  Bar  =  5  pm. 


pressed  in  hippocampal  neurons  within  the  first  10  days 
in  culture,  with  the  exception  of  metabotropic  receptors, 
which  constitute  <1%  of  mature  neurons  (Craig  et  al.. 
1993).  This  observation  is  consistent  with  experiments  in 
our  laboratory  showing  that  sensitivity  of  mixed  septo¬ 
hippocampal  cultures  to  glutamate  excitotoxicity  did  not 
differ  between  10  and  15  days  in  vitro  (data  not  shown). 
However,  full  maturation  and  precise  localization  of  glu¬ 
tamate  receptor  subtypes  at  synapses  can  evolve  over 
>15  days  (Craig  et  al.,  1993).  Future  studies  could  more 
systematically  examine  relationships  between  the  devel¬ 
opment  of  glutamate  synap.ses  in  the  hippocampus  and 
mechanisms  of  glutamate  toxicity. 

In  the  pre.sent  study,  glutamate  toxicity  was  ob.served 
both  in  neurons  and  in  glia.  Although  investigations  have 
a.ssessed  glutamate  toxicity  in  neuronal  ly  enhanced  (Ad- 
amec  et  al.,  1998;  Ikeda  et  al.,  1996;  Manev  et  al.,  1991) 
or  a.strocytic  (Manev  et  al..  1991)  cultures  separately,  to 
our  knowledge,  no  studies  have  compared  the  mt)rpho- 
pathological  changes  after  glutamate  toxicity  in  neuronal 
and  glial  mixed  cultures.  There  are  reports  of  excitotoxic 
glial  injury  in  vivo  (Bolton  and  Perry,  1998;  Matyja, 


1986).  However,  other  in  vivo  (Portera-Cailliau  et  al., 
1995)  and  hippocampal  slice  (Siman  and  Card,  1988) 
.studies  failed  to  detect  glial  injury. 

Proteolytic  regulation  of  glutamate-induced 
cell  death 

Calpains  and  caspa.se-3  process  the  cytoskeletal  pro¬ 
tein  tt-spectrin  (280  kDa)  into  distinctive  proteolytic 
fragments  of  145  kDa  by  calpains  (Harris  et  al.,  1988; 
Nath  et  al.,  \99bu.b)  and  120  kDa  by  caspa.se-3  (Wang  et 
al.,  1998)..  Whereas  the  speeificity  of  the  145-kDa  frag¬ 
ment  for  calpain  is  well  accepted,  there  has  been  some 
controversy  regarding  the  specificity  of  caspase-3- 
specific  BDPs.  However,  the  specificity  of  the  caspa.se- 
3-generated  120-kDa  a-spectrin  product  is  well  charac¬ 
terized.  Recently.  Wang  and  colleagues  (1998)  reported 
that  when  cell  lysates  were  digested  for  1  hour  with 
recombinant  caspase-1,  -2,  -3,  -4,  -6,  or  -7,  only 
caspa.se-3  produced  accumulation  of  the  120  kDa 
a-spectrin  fragment.  Moreover,  our  laboratory  and  oth¬ 
ers  have  .suece.ssfully  used  this  technique  to  detect  inde¬ 
pendent  and/or  concurrent  calpain/caspa.sc-3  activation 
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FIG.  6.  Effects  of  glutamate  toxicity  on  astroglia  in  mixed  septohippocampal  cultures.  Astroglia  were  stained  with  glial  fibrillary  acidic 
protein  (SFAP)  (A  and  C)  and  Hoechst  33258  (B  and  D).  Control  cultures  (A  and  B)  showed  normal  somatic  and  nuclear  morphology 
(arrows)  in  glia.  Incubation  with  glutamate  (2.0  mmol/L)  for  24  hours  (C  and  D)  resulted  in  glial  cell  death  associated  with  cell  shrinkage 
and  membrane  folding  (C,  long  arrow)  and  ultimately  complete  cell  detachment  and  loss  of  confluence  of  the  glial  monolayer  (C,  short 
wide  arrow).  After  injury,  Hoechst  staining  revealed  DNA  aggregation  in  a  diffusely  speckled  pattern  (D,  straight  arrow)  in  some  GFAP- 
positive  cells  (C,  short  thin  arrow).  In  addition,  some  glia  still  underwent  cell  division  (C  and  D,  curved  arrows).  Bar  =  5  pm. 


in  cell  cultures  (Nath  et  al..  \99ba.b.  1998;  Pike  et  al., 
1998/j;  Wang  et  al.,  1998)  and  in  vivo  alter  traumatic 
brain  injury  (Pike  et  al.,  I998rt).  In  addition,  the  caspase- 
3-generated  120-kDa  a-spectrin  fragment  has  been 
shown  to  be  an  identifying  marker  of  apoptotic  cell  death 


in  a  number  ol  cell  lines  and  cell  culture  systems  (Martin 
et  al.,  1995;  Nath  et  al.,  1996fo,  1998;  Pike  et  al.,  1998/^; 
Wang  et  al.,  1998).  In  the  present  study,  all  three  con¬ 
centrations  ot  glutamate  produced  robust  calpain- 
mediated  processing  of  a-spectrin  that  was  e.specially 
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FIG.  7.  Incubation  with  varying  doses 
of  glutamate  produced  calpain  and 
caspase-3  protease  activation.  Prote¬ 
olysis  of  «-spectrin  into  150-kDa,  cal- 
pain-specific  145-kDa,  and  caspase- 
3-specific  120-kDa  breakdown  prod¬ 
ucts  was  examined  after  incubation 
with  varying  doses  of  glutamate  (1.0, 
2.0,  and  4.0  mmol/L)  for  3,  6,  and  24 
hours. 
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FIG.  8.  Effects  of  preincubation  with  varying  closes  of  the  N- 
methyl-D-aspartate  receptor  antagonist  MK-801  (A),  calpain  in¬ 
hibitor  II  (Cl-ll)  (B),  and  the  pan-caspase  inhibitor  carbobenzoxy- 
Asp-CH2-0C(0)-2, 6-dichlorobenzene  (Z-D-DCB)  (C)  on  cell  vi¬ 
ability  assessed  by  lactate  dehydrogenase  release  after 
incubation  with  glutamate  (2.0  mmol/L)  for  6  hours.  MK-801  sig¬ 
nificantly  decreased  cell  death,  compared  with  control,  at  all 
doses  tested,  with  an  optimal  dose  of  100  pmol/L  (P  <  0,001). 
Z-D-DCB  provided  significant  protection  against  cell  death  with 
30  to  200  pmol/L  doses.  The  optimal  dose  was  50  to  1 00  pmol/L 
(P<  0.001).  Calpain  inhibitor  II  provided  only  minimal  protection 
at  25  pmol/L  (P  <  0.05).  *P  <0.05,  '"P<  0.001 . 


apparent  6  hour.s  alter  injury  and  su.stained  for  at  lea.st  24 
hours.  Caspa,se-3  activation  was  less  pronounced  and 
showed  some  differences  associated  with  glutamate  con¬ 
centrations.  Other  investigators  have  reported  calpain  ac¬ 
tivation  produced  by  glutamate  in  hippocampal  (Adamec 
et  al.,  1998)  and  cerebellar  (Manev  et  al.,  1991)  culture 
systems,  and  increased  caspa.se-3  activation  has  been  ob¬ 
served  after  glutamate  treatment  in  cerebellar  granule 
neurons  (Du  et  al.,  1997).  The  pan-caspa.se  inhibitor  Z- 
D-DCB  produced  significant  reduction  in  caspase-3  ac¬ 
tivation  and  cell  death,  inferred  by  LDH  release,  sug¬ 
gesting  that  ca.spa.se  activation  importantly  contributes  to 
glutamate-mediated  cell  death.  As  Z-D-DCB  is  not  spe¬ 
cific  for  caspa.se-3,  some  protection  may  be  attributable 
to  inhibition  of  other  caspases  such  as  caspase- 1 .  How¬ 
ever,  calpain  inhibitor  II,  at  concentrations  that  inhibited 
calpain  activation,  provided  less  robust  protection 
against  glutamate-induced  cell  death.  Other  investigators 
have  reported  that  calpain  inhibition  does  not  protect 
against  glutamate-induced  cell  death  either  in  cultured 
hippocampal  neurons  (Adamec  et  al.,  1998)  or  in  cer¬ 
ebellar  granule  cells  (Manev  et  al.,  1991).  However, 
other  in  vitro  studies  have  reported  protective  effects  of 
calpain  inhibitors  on  excitotoxic  cell  death  of  cerebellar 
neurons  employing  a  ligand  of  non-NMDA  receptors 
(Wang  et  al.,  1996a),  in  contra.st  to  exogenous  glutamate 
treatment,  which  was  employed  in  the  present  study.  The 
relatively  modest  levels  of  protection  by  calpain  inhibi¬ 
tion  against  excitotoxic  cell  death  in  vitro  are  surprising 
in  view  of  a  considerable  body  of  evidence  showing 
significant  protective  effects  of  calpain  inhibitors  in  in 
vivo  models  of  cerebral  ischemia  and  traumatic  brain 
injury  (Kampfl  et  al.,  1997;  Posmantur  et  al.,  1997; 
Wang  and  Yuen,  1997).  It  is  possible  that  calpain  inhi¬ 
bition  provides  suboptimal  protection  because  pathologi¬ 
cal  activation  of  calpain  occurs  downstream  of  other 
events  that  could  contribute  to  glutamate-induced  cell 
death,  including  activation  of  other  calcium-dependent 
enzymes  (for  example,  lipases  and  phosphata.ses)  (Hom- 
ayoun  et  al.,  1997).  There  may  also  be  important  differ¬ 
ences  in  pathogenic  stimuli  in  complex  in  vivo  insults 
versus  glutamate  toxicity  in  vitro  that  could  significantly 
influence  cell  death  mechanisms  in  ways  that  are  cur¬ 
rently  poorly  understood. 

MK-801  produced  .significant,  although  incomplete, 
reductions  in  LDH  release  resulting  from  glutamate  ex- 
citotoxicity  at  a  concentration  similar  to  those  reported 
by  others  (Adamec  et  al.,  1998).  As  prolonged  exposure 
to  glutamate  might  possibly  produce  toxicity  by  recep¬ 
tor-independent  mechanisms  such  as  competitive  inhibi¬ 
tion  of  cysteine  uptake  (Murphy  et  al.,  1990),  significant 
protection  by  MK-801  confirms  a  receptor-mediated 
mechanism  for  glutamate  toxicity  in  hippocampal  neu¬ 
ronal  cultures.  In  addition,  MK-801  reduced  calpain  ac¬ 
tivation,  inferred  by  spectrin  proteolysis,  confirming  pre- 
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FIG.  9.  (Top)  Western  blots  examin¬ 
ing  proteolysis  of  a-spectrin  into  150- 
kDa,  calpain-specific  145-kDa,  and 
caspase-3-specific  120-kDa  break¬ 
down  products  (BDPs)  detected  after  6 
hours  of  glutamate  treatment  alone 
(2.0  mmol/L)  or  in  combination  with  op¬ 
timal  doses  of  calpain  inhibitor  II  (Cl-ll; 
25  pmol/L),  MK-801  (100  pmol/L),  car- 
bobenzoxy-Asp-CH2-OC(0)-2,6- 
dichlorobenzene  (2-D-DCB;  50  pmol/ 
L),  and  cycloheximide  (CHX;  1  pg/mL). 
Glutamate  treatment  resulted  in  accu¬ 
mulation  of  calpain-  and  caspase-3- 
mediated  BDPs.  Glutamate  treatment 
was  sometimes  associated  with  an  ad¬ 
ditional  lower  molecular  mass  band, 
suggesting  further  processing  of 
a-spectrin  not  observed  in  control  cul¬ 
tures.  Calpain  (Cl-ll)  and  caspase  (Z- 
D-DCB)  inhibition  reduced  the  accu¬ 
mulation  of  their  respective  BDPs, 
whereas  cycloheximide  had  no  effect. 
MK-801  reduced  calpain  activation  but 
had  no  apparent  effect  on  caspase-3 
activation.  (Bottom)  Effects  of  various 


j _ _  .  „  .  .  ,  auuvciuon.  ^oonomi  tnecis  or  various 

doses  of  drugs  on  cell  viability  assessed  by  lactate  dehydrogenase  (LDH)  release  6  hours  after  incubation  with  glutamate  alone  or  in 
combination  with  optimal  doses  of  drugs.  Calpain  inhibitor  II  (P  <  0.05),  Z-D-DCB  (P  <  0.001),  and  MK-801  (P  <  0.001)  significantly 

reduced  LDH  release  after  glutamate  treatment.  *P<  0.05,  ***P<  0.001.  ^  ^  ^ 


vioiis  reports  that  activation  ot  NMDA  receptors  is  nec¬ 
essary  for  calpain  activation  (Adamec  et  al.,  1998). 

C:haractcrization  of  cell  death  phenotypes  in 
nervous  system 

Although  phenotypic  characterization  of  cell  death 
may  remain  a  u.setul  adjunct  strategy,  ultimately  cell 
death  mechanisms  mu.st  be  defined  by  biochemical  and 
molecular  mechanisms.  Activation  of  these  biochemical 
and  molecular  mechanisms  may  depend  on  cell  death 
signal  and  cell  type,  and  different  mechanisms  may  be 
activated  separately  or  concurrently.  Future  studies 
should  consider  the  possibility  of  heterogeneity  in  cell 
death  mechanisms  and  associated  cell  death  phenotypes. 
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Primary  septo-hippocampal  cell  cultures  were  incubated 
in  varying  concentrations  of  tumor  necrosis  factor 
(TNF-a;  0.3-500  ng/ml)  to  examine  proteolysis  of  the 
cytoskeletal  protein  a-spectrin  (240  kDa)  to  a  signature 
1 45  kDa  fragment  by  calpain  and  to  the  apoptotic-iinked 
120-kDa  fragment  by  caspase-3.  The  effects  of  TNF-a 
incubation  on  morphology  and  cell  viability  were  assayed 
by  fluorescein  diacetate-propidium  iodide  (FDA-PI)  stain¬ 
ing,  assays  of  lactate  dehydrogenase  (LDH)  release,  nu¬ 
clear  chromatin  alterations  (Floechst  33258),  and  inter- 
nucleosomal  DNA  fragmentation.  Incubation  with  varying 
concentrations  of  TNF-a  produced  rapid  increases  in 
LDFI  release  and  nuclear  PI  uptake  that  were  sustained  over 
48  hr.  Incubation  with  30  ng/ml  TNF-a  yielded  maximal, 
3-fold,  increase  in  LDH  release  and  was  associated  with 
caspase-specific  120-kDa  fragment  but  not  calpain- 
specific  145-kDa  fragment  as  early  as  3.5  hr  after  injury. 
Incubation  with  the  pan-caspase  inhibitor,  carbobenzosy- 
ASP-CH2-OC  (0)-2-6-dichlorobenzene  (Z-D-DCB,  50-140 
(jlM)  significantly  reduced  LDH  release  produced  by  TNF-a. 
Apoptotic-associated  oligonucleosomal-sized  DNA  frag¬ 
mentation  on  agarose  gels  was  detected  from  6  to  72  hr 
after  exposure  to  TNF-a.  Histochemical  changes  included 
chromatin  condensation,  nuclear  fragmentation,  and  for¬ 
mation  of  apoptotic  bodies.  Results  of  this  study  suggest 
TNF-a  may  induce  caspase-3  activation  but  not  calpain 
activation  in  septo-hippocampal  cultures  and  that  this  ac¬ 
tivation  of  caspase-3  at  least  partially  contributes  to  TNF- 
a-induced  apoptosis.  J.  Neurosci.  Res.  64:121-131,  2001. 
©  2001  Wiley-Liss,  Inc. 
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Tumor  necrosis  factor-a  (TNF-a)  is  a  17-kDa 
pleiotrophic  cytokine  with  both  secreted  and  transmem¬ 


brane  fonns,  which  that  is  known  to  mediate  immune  and 
inflammatory’  responses.  TNF-a  can  be  synthesized  and 
released  by  astrocytes,  microglia,  and  some  neurons 
(Liebennan  et  al.,  1989;  Chung  and  Benveniste,  1990; 
Morganti-Kossmann  et  al.,  1992).  Although  TNF-a  was 
originally  named  for  its  degeneration-inducing  action  in 
some  types  of  tumor  cells,  data  now  suggest  that  TNF-a 
has  a  v’ariety  of  effects  on  different  types  of  cells  (Cheng  et 
al.,  1994).  A-’Substarrtiakhodv  of  evidence  indicates  that 
TNF-g  has  a  nro-inflammatorv  nde  rhar  R  rimndy  np- 
regulated  in  Jschemic  and  traumatic  brain  injury  (TBI) 
(Tauptn  efal,  1993;  Shohannet  al.,  ivv4;  baiTeT  al.,  1996; 
Saito  et  al.,  1996;  Liu  et  al.,  1994;  Wang  et  al.,  1994;  Uno 
et  al.,  1997;  Gong  et  al.,  1999;  Buttini  et  al.,  1996). 
Immunocytochemical  studies  confirm  the  presence  of 
TNF-a  antigen  in  the  brain  as  early  as  30  min  after 
occlusion  of  the  middle  cerebral  artery  in  the  same  regions 
where  TNF-a  niRNA-positive  cells  were  detected 
(Buttini  et  al.,  1996).  Increased  levels  of  TNF-a  in  brain 
tissue,  cerebral  spinal  fluid,  and  plasma  have  been  found  in 
several  central  nervous  system  (CNS)  disorders  including 
Alzheimer’s  disease  (Fillet  et  al.,  1991),  Guillain-Barre 
Syndrome  (Shariefet  al.,  1993),  Parkinson’s  disease  (Mogi 
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et  al,  1994,  1996),  and  spinal  cord  injur>'  (Xu  et  al.,  1998). 
Other  studies  have  shown  that  TNF-a  can  mediate  apop- 
totic  cell  death  (Gelbard  et  al.,  1993;  Aggaivval  et  al.,  1999) 
and  can  modulate  Bax/BcL-2  protein  levels  (Pulliam  et  al., 
1998).  A  variety  of  TNF-a  antagonists  or  antibodies  de¬ 
creased  TNF-a  levels,  improved  behavioral  outcome,  and 
reduced  brain  damage  following  experimental  ischemia 
and  TBl  in  rats  and  mice  (Shohami  et  al.,  1996,  1997; 
Meirstrell  et  al.,  1997;  Barone  et  al.,  1997;  Dawson  et  al., 
1996;  Nawashiro  et  al.,  1997;  Leker  et  al.,  1999;  Knoblach 
et  al.,  1999). 

Although  the  inflammatoty'  responses  evoked  by 
TNF-a  are  well  known,  a  number  of  investigations  have 
posited  a  protective  role  of  TNF-a  .against  neuronal  cell 
death.  For  example,  it  h.is  been  shown  that  TNF-a  me¬ 
diates  damage  to  myelin  and  oligodendrocytes  (Selmaj  and 
Raine,  1988)  but  is  not  toxic  to  CNS  neurons  in  vitro 
(Garcia  et  al..  1992).  TNF-a  under  in  vitro  conditions 
may  protect  neurons  against  metabolic,  excitotoxic,  or 
oxidative  insulLs  by  promoting  maintenance  of  intracellu¬ 
lar  calcium  homeostasis,  suppression  of  reactive  oxygen 
species  (Cheng  et  al.,  1994),  and  by  activation  of  tran- 
.scription  factor  NF-kB  (necrosis-factor-KB;  Barger  et  al., 
1995).  Mice  genetically  deficient  in  TNF-a  receptor  R1 
or  both  R1  and  R2,  also  show  e.xacerbated  neuronal 
damage  compared  to  wild  ty'pe  controls  following  middle 
cerebral  artery  occlusion  (Bruce  et  al.,  1996;  Gaty'  et  al., 

1998)  or  TBl  (Scherbel  et  al.,  1999;  Sullivan  et  al.,  1999). 
In  addition,  Stahel  et  al.  (2000)  reported  that  in  mice 
lacking  both  genes  for  TNF-a  and  lymphotoxin-a,  mor¬ 
tality  at  7  days  after  closed  head  injury  was  significantly 
higher,  as  compared  to  their  matched  wild  type  controls. 
Based  on  the  literature,  the  concept  that  emerges  suggests 
that  TNF-a  can  have  a  detrimental  role,  in  the  acute 
postinjury  phase,  whereas  it  is  protective  in  the  delayed 
posinjury  phase,  probably  by  activating  cellular  repair 
mechanisms  (Shohami  et  al.,  1999).  Therefore,  the  pre.sent 
study  was  designed  to  further  investigate  the  acute  mech- 
anism(s)  of  TNF-a-induced  cell  death  w'ithin  3  days  of 
exposure  of  septo-hippocampal  neurons  to  exogenous 
TNF-a. 

^1.  In  order  to  examine  the  role  of  TNF-a  on  cell 
lability,  we  investigated  the  effects  of  TNF-a  stimulation 
on  calpain  and  caspase-3  protease  activation  and  on  ne- 
fcrotic  and  apoptotic  cell  death  phenotypes.  Calpains  are 
Valcium-activated  cysteine  proteases  that  have  been  impli¬ 
cated  in  a  variety  of  neuropathological  conditions  (Kampfl 
et  al.,  1997;  Wang  et  al.,  1994;  Wang,  2000).  Caspa.sc-3  is 
a  cysteine  protease  and  a  known  effector  of  apoptosis  in 
various  cell  lines  (Nath  et  al.,  1995;  Pike  et  al.,  1998; 
Eldadah  et  al.,  1997;  Fraser  and  Evan,  1996;  Miura  et  .al., 
1993;  Zhivotovsky  et  al.,  1997).  Caspase-3  is  activated 
only  during  apoptosis  and  not  during  necrosis  (Nath  et  al., 
1998;  Annstrong  et  al.,  1996;  Wang  et  al.,  1996).  In 
contrast,  calpain  activation  can  contribute  to  apoptotic  as 
well  as  necrotic  cell  death  (Pike  et  al.,  1998;  Zhao  et  al., 

1999) .  The  cytoskeletal  protein  a-spectrin  is  a  preferred 
substrate  of  calpain  and  caspase-3  cysteine  protease.  Acti¬ 


vated  calpain  and  caspa.se-3  process  a-spectrin  into  a  sig¬ 
nature  145-kDa  fragment  by  calpain  and  to  an  apoptotic- 
linked  12()-kDa  fragments  by  caspase-3  (Pike  et  al.,  1998; 
Zhao  et  al.,  1999;  Nath  et  al.,  1995).  Thus,  the  investiga¬ 
tion  examined  calpain  and  caspase-3  .activation,  inferred 
by  proteolysis  of  the  cytoskeletal  protein  a-spectrin,  in 
mixed  rat  glial-neuronal  septo-hippocampal  cell  cultures 
following  exposure  to  TNF-a.  Experiments  also  em¬ 
ployed  morphop^tlaologicaT  assessments  aneb-measures  of 
DNA  fragmentation  to  characterize  necrotic  and  apoptotic 
ceLLcieitth  .profilesjii  neurons  aiid  glia  (Pike  et  al.,  1998; 
Zhao  et  al.,  1999).  This  study  provides-ihe  first -evklcnce 
that  TNF-a  produceS^cas^e’-3  birr  rrotxralpaiajctivation 
injnixed  septcirluppaacatnfxaleell  cukttFesrftTa^mbn,  cell 
death  in  this  model  following  TNF-a  challenge  mani¬ 
fested  exclusively  apoptotic-like  characteristics. 

MATERIALS  AND  METHODS 

Materials 

Septi  and  hippocampi  neuronal  cells  were  obtained  from 
rat  fetuses.  Cell  culture  reagents  were  from  Life  Technologies, 
Rockville,  MD,  and  Sigma  Chemical,  Inc.  (St.  Louis,  MO).  The 
TNF-ck  and  actinomycin  D  (Act  D)  in  which  the  cells  were 
incubated  were  obtained  from  R&D  Systems  (Minneapolis, 
MN)  and  Sigma,  respectively.  Z-D-DCB  was  a  generous  gift 
from  Pfizer,  while  Calplnh-II  was  obtained  from  Boehringer 
Mannheim  (Indianapolis,  IN).  All  otlier  reagents  used  in  the.se 
experimeiiLs  were  analytical  grade  quality'  of  Iiigher. 

Septo-Hippocampal  Cultures 

Eighteen-day-old  rat  fetuses  were  removed  from  deeply 
anesthetized  dams.  Septi  and  hippocampi  were  dissected  in  a 
dissect  buffer  (HBSS,  with  4.2  mM  bicarbonate,  1  niM  pyru¬ 
vate,  20  niM  HEPES,  3  nig/ml  bovine  senim  albumin  [BSA], 
pH  7.25).  After  rinsing  in  Dulbeccos’Moditied  E.agle  Medium 
(DMEM)-DM,  tissue  was  dissociated  by  trituration  through  the 
narrow  pore  of  flame-constricted  Pasteur  pipette.  Dissociated 
cells  w'ere  resuspended  in  DMEM  with  10%  fetal  calf  serum 
(DMEM-IOS)  and  plated  onto  24-well  poly-L-lysine-  coated 
plastic  culture  plates  or  12  mm  of  Gennan  gla,ss  (Erie  Scientific 
Co.,  Portsmith,  NH)  at  a  density  of  4.36  X  10^  cells/mL. 
Cultures  were  maintained  in  a  humidified  incubator  in  an 
atmosphere  of  5%  CO2  at  37“C.  After  5  days  of  culture,  the 
media  was  changed  to  DMEM-DM  with  5%  horse  scrum. 
Subsequent  media  changes  were  carried  out  three  times  a  w'eek. 
By  day  10  in  vitro,  astrocytes  formed  a  confluent  monolayer 
beneath  morphologically  mature  neurons. 

In  addition,  we  coiifimied  the  presence  ofl'NF-a  recep¬ 
tors  1  and  2  (TNF-Rl,  TNF-R2)  in  this  system  by  immuno- 
histochemistry  (TNFRl,  sc-1070;  TNFR2,  sc- 1074:  Santa 
Cruz  Biotechnology,  Santa  Cruz,  CA).  We  found  both  receptor 
types  to  be  condensed  on  the  neurons  as  well  as  most  glial  cells 
(data  not  shown). 

Pharmacological  Treatment  of 
Septo-Hippocampal  Cells 

TNF-a.  fen-day-old  septo-hippocampal  cultures  were 
challenged  with  0.3—500  ng/niL  of  TNF-a  and  3  ng/ml  of  Act 
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D  in  DMEM-DM  and  cell  viability  was  monitored  at  various 
postinjuty'  time  points.  Cultures  were  exposed  to  TNF-a  and 
Act  D  for  the  entire  duration  of  each  experiment.  Coadminis¬ 
tration  of  Act  D  (3  ng/ml)  has  been  reported  to  enhance  TNF-a 
induced  cell  death  (Ruff  anf  Gifford,  1981),  we  therefore  have 
treated  parallel  cultures  with  Act  D,  alone  for  the  entire  period 
of  the  e.xperiment.  Act  D  (3  n^/ml)  alone  had  no  effect  on  LDH 
release  in  septo-hippocampal  cultures  (data  not  shown).  Follow¬ 
ing  TNF-a  challenge,  cells  were  fixed  for  staining  or  protein 
was  iscilated  and  DNA  extraction  perfonned. 

Calpain,  caspase  and  protein  synthesis  inhibitors. 
Sister  cultures  were  pretreated  with  either  25-50  p,M  calpain 
inhibitor-ll  (CalpInh-11),  30-140  p-M  of  the  pan-caspase  inhib¬ 
itor  (Z-D-DCB),  or  I  p,g/mL  of  the  protein  synthesis  inhibitor, 
cycloheximide  (Sigma)  1  hr  prior  to  TNF-a  challenge.  The 
inhibitor  concentrations  used  have  been  previously  shown  to 
provide  optimal  inhibition  of  calpains  (Pike  et  al.,  1998;  Kampfl 
et  al.,  1996),  caspa.sc-3  (Nath  et  ah,  1996;  Pike  et  ah,  1998),  and 
protein  .synthesis  (Pike  et  ah,  1998;  Koh  et  ah,  1995;  Martin  et 
ah,  1988).  In  addition,  other  experiments  in  our  laboratory  have 
independently  confiraied  that  these  doses  of  CalpInh-II  and 
Z-D-DCB  antagonize  calpain  and  caspase-3  activation  accom¬ 
panying  staurosporine-induced  apoptosis  in  septo-hippocampal 
cultures  (Pike  et  ah,  1998). 

Morphological  and  Enzymatic  Assessments  of  Cell 
Damage  and  Cell  Death 

Morphological  assessments  of  cell  injuty'  and  necrotic  and 
apoptotic  cell  death  phenotypes  are  controversial  (Zhao  et  ah, 
1999).  We  have  used  multiple  morphological  criteria  to  examine 
cell  injury  and  cell  death  phenotype. 

Fluorescein  diacetate  and  propidium  iodide  assay  of 
cell  viability.  Fluorescein  diacetate  (FI.9A)  and  propidium 
iodide  (PI)  dyes  were  used  to  assess  cell  viability  after  TNF-a 
incubation.  FDA  enters  normal  cells  and  emits  a  green  fluores¬ 
cence  when  it  is  cleaved  by  esterases.  Once  cleaved,  FDA  can  no 
longer  penneate  cell  membranes.  Propidium  iodide  is  an  intra- 
vital  dye  that  is  nomially  excluded  from  cells.  After  injury,  PI 
penetrates  cells  and  binds  to  DNA  in  the  nucleus  and  emits  a  red 
fluorescence.  This  technique  is  commonly  used  to  quantitate 
cell  injuty'  (Jones  and  Senft,  1985).  As  per  Jones  and  .Senft 
(1985),  a  stock  solution  of  FDA  (20  mg/mh)  was  dissolved  in 
acetone.  A  PI  stock  solution  was  prepared  by  dissolving  5 
mg/mh  in  phosphate-buffered  saline  (PBS).  The  FDA  and  PI 
working  solutions  were  freshly  prepared  by  adding  10  p,h  of  the 
FDA  and  3  |Ji,L  of  PI  stock  to  10  ml.  of  PBS.  Two  hundred 
microliters  per  well  of  FDA-PI  working  solution  were  added 
directly  to  the  cells,  the  ceUs  were  stained  for  3  min  at  room 
temperature.  Stained  cells  were  observ'ed  and  photographed 
with  a  fluorescence  microscope  equipped  with  epi-illumination, 
band  pa,ss  450—490  nm  e.xciter  filter,  510  nm  chromatic  beam 
splitter,  and  a  long  pass  520  nm  barrier  filter.  This  filter  com¬ 
bination  pennitted  both  green  and  red  fluorescing  cells  to  be 
seen  simultaneously. 

Hoechst  staining  of  apoptotic  nuclei.  The  A-T 
base-pair-specific  dye,  Hoechst  33258  (bis-benzimide;  Sigma) 
was  used  to  stain  cell  nuclei  for  characterization  of  cell  death 
phenotype.  Following  overnight  fixation  in  4%  parafonnaldy- 
hide  at  4°C'.,  cells  grown  on  Gennan  glass  were  washed  three 


times  with  PBS  and  labeled  with  1  |xg/mh  of  the  DNA  dye 
Hoechst  33258  in  PBS  for  5-10  min  at  room  temperature,  using 
enough  solution  to  cover  the  cells  completely.  The  cells  were 
rinsed  twice  with  PBS  and  then  mounted  with  Crystal-mount 
medium  (Biomeda,  Foster  City,  CA).  Cells  were  observed  and 
photographed  on  a  phase  contrast  and  fluorescence  microscope 
with  a  UV2A  filter. 

LDH  assay.  This  colorimetric  assay  quantifies  cell 
death  based  on  the  measurement  of  lactate  dehydrogenase 
(LDH)  activity  released  from  the  cytosol  of  damaged  cells  into 
the  supernatant.  After  TNF-a  challenge,  300  p,L  of  culture 
medium  was  collected  from  each  well  and  centrifuged  at  1,000 
rpm  for  5  min.  100  ptL  of  supernatant  was  collected  from  each 
sample,  and  transferred  to  a  96-well  Hat  bottom  plate.  One 
hundred  p.1.  of  LDH  (Boehringer  Cat.  1  664  793)  was  mixed 
with  the  sample  and  incubated  for  30  min  at  room  temperature. 
A  plate  reader  (Bio-Rad  Model  450  Microplate  Reader,  Rich¬ 
mond,  C  A)  measured  the  absorbance  of  each  sample  at  490  nm 
with  a  reference  wavelength  of 650  nm.  Absorbency  values  were 
analyzed  by  analysis  of  variance  (ANOVA)  with  Post-hoc  com¬ 
parisons  and  values  were  expressed  as  percent  of  control. 

DNA  fragmentation  assay.  DNA  gel  electrophoresis 
was  perfonned  as  described  in  Gong  et  al.  (1994).  BrieHy,  cells 
were  collected  in  the  same  manner  as  for  immunoblotting.  Cells 
in  each  treatment  condition  were  collected  by  centrifugation 
and  fixed  in  suspension  in  70%  cold  ethanol  and  stored  in 
fixative  at  20°C  (24-72  hrs).  Cells  were  then  centrifuged  at 
800  g  for  5  min  and  ethanol  was  thoroughly  removed.  Cell 
pellets  were  resuspended  in  40  |J.L  of  phosphate-citrate  (PC) 
buffer  consisting  of  192  parts  of  0.2  M  Na2HOP4  and  8  parts  of 
0.1  M  citric  acid  (pH  7.8)  at  room  temperature  for  1  hr.  After 
centrifugation  at  1,000  g  for  5  min,  the  supernatant  was  tran.s- 
ferred  to  new  tubes  and  concentrated  by  vacuum  in  a  Speed  Vac 
concentrator  for  1,5-30  min.  Three  p,L  of  0.25%  Nonidet 
NP-40  in  disrilled  water  was  added  followed  by  3  |xL  of  DNase- 
free  RNase  (1  mg/mL).  After  30  min  incubation  .at  37°C,  3  piL 
of  proteinase  K  (1  mg/niL)  was  added  and  the  extract  was 
incubated  for  additional  30  min  at  37°C.  After  the  incubation,  1 
p,L  of  6X  loading  buffer  (0.25%  bromophenol  blue,  0.25% 
.xylene  cyanol  FF,  30%  glycerol  in  water)  was  added  and  the 
entire  content  of  the  tube  was  transferred  to  a  1.5%  agarose  gel 
and  electrophoresis  was  perfonned  in  IX  TBF  (0.1  M  Fris, 
0.09  M  boric  acid,  1  inM  FDTA,  pH  8.4)  at  40  V  for  2  hr.  The 
DNA  in  the  gels  was  visualized  and  photographed  tinder  UV 
light  after  staining  with  5  )xg/ ml.  of  ethidium  bromide. 

Assessment  of  a-Spectrin  Degradation  by  Calpains  and 
Caspase-3 

Sodium  dodecylsulfate-polyacrylamide  gel  electro¬ 
phoresis  (SDS-PAGE)  and  immunoblotting.  Because 
a-spectrin  contains  sequence  motifs  preferred  by  both  calpains 
and  caspase-3  proteases,  activation  of  these  two  families  of 
cysteine  proteases  can  be  assessed  concurrently  by  immunoblot 
identificaritin  of  calpain  and/or  caspase-3  signature  cleavage 
products  (Nath  et  .al.,  1996;  Wang  et  ,al.,  1998).  N-temiinal 
seqtiencing  of  the  major  a-spectrin  fragments  has  confinned 
specific  calpain  and  ca.sp.ise-3  target  sites  for  the  145-kDa  and 
12()-kDa  fragments,  respectively  (Wang  et  al.,  1998).  Calpain 
has  a  high  aftitiity’  for  two  sites  on  the  native  28()-kDa  a-spectrin 
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protein.  Following  calpain  activation,  intact  ct-spectrin  (280 
kDa)  is  proteolyzeil  into  distinct  15()-kl)a  and  14.S-kI)a  frag¬ 
ments  detected  on  immunoblots.  The  first  site  is  rapidly  attacked 
following  calpain  activation  resulting  in  a  I.SO-kDa  spectrin 
breakdown  product  (BDP).  Further  calpain  proce.ssing  of  150- 
kDa  BDPs  at  the  N-temiinal  yields  a  calpain-specific  145-kDa 
BDP  (Nath  et  al.,  1005,  1006;  Wang  et  al.,  1008).  Caspase-3 
cleaves  intacta-spectrin  to  produce  150-kl)a  BDPs  with  a  dif¬ 
ferent  N-teniiinal  from  the  calpain-generated  fragments.  Fur¬ 
ther  processing  of  the  caspase-3-generated  150-kDa  fragment 
results  ill  a  unique  caspase-3-specific  120-kDa  BDP  (Wang  et 
al.,  1008).  Moreover,  the  120-kDa  fragment  has  been  shown  to 
be  associated  with  caspase-3  activation  in  various  in  vitro  systems 
of  apoptosis  (Nath  al.,  1005,  1006;  Pike  at  al.,  1008;  Wang  et  .if, 
1008). 

Clells  were  lysed  in  ice-cold  homogenization  buffer 
(20  iiiM  PIPES,  pH  7.6,  1  niM  EDTA,  2  niM  EGTA,  1  iiiM 
DTT,  0.5  niM  PMSF,  50  (jtg/niL  Leupeptin,  and  10  |i,g/mL  of 
AEBSF,  apotinin,  pepstatin,  TLCK,  and  TPCK)  for  30  min, 
then  sheared  through  a  1.0-mL.  syringe  with  a  25-gauge  needle 
15  times.  Protein  content  in  the  samples  was  .ass.ayed  by  the 
Micro  BCA  method  (Pierce,  Rockford,  IL).  For  protein  elec¬ 
trophoresis,  equal  amounts  of  total  protein  (30  ptg)  were  pre¬ 
pared  in  two  fold  loading  buffer  containing  0.25  M  Tris  (pH 
6.8),  0.2  M  DTT,  8%  SDS,  0.02%  Bromophenol  Blue,  and  20% 
glycerol,  and  heated  at  95°C  for  10  min.  Samples  were  resolved 
in  a  vertic.ll  electrophoresis  chamber  using  a  4%  stacking  gel 
over  a  7%  acr>’lamide  resolving  gel  for  1  hr  at  200  V.  For 
immunoblottmg,  separated  proteins  were  laterally  transferred  to 
nitrocellulose  membranes  (0.45  |jlM)  using  a  transfer  buffer 
consisting  of  0.1 92  M  glycine  and  0.025  M  Tris  (pH  8.3)  with 
10%  methanol  at  a  constant  voltage  (100  V)  for  1  hr  at  4°C 
Coomassie  Blue  and  Panceau  Red  (Sigma)  were  used  to  stain 
gels  and  nitrocellulose  membranes,  respectively,  to  confinn  that 
equ.il  amounts  of  protein  were  loaded  in  each  lane. 

Immunoblots  were  probed  with  an  anti-u-spectrin 
monoclonal  antibody  (Afmiti  Research  Products,  U.K.;  Cat.  FC 
6090,  clone  AA6)  that  detects  intact  a-spectrin  (280  kDa)  and 
150-,  145-,  and  120-kDa  SBDPs.  Following  incubation  with 
the  primary  antibody  (1;4,000)  for  2  hr  at  room  temperature,  the 
blots  were  incubated  in  peroxidase-conjugated  sheep  anti¬ 
mouse  IgC  (Cappel)  for  1  hr  (1:10,000).  Enhanced  chemilumi¬ 
nescence  reagents  (ECL,  Amersham,  Arlington  Heights,  IL) 
were  used  to  visualize  the  immunolabeling  on  Hyperfilm  (Hy- 
pcrfilm  ECL,  Amersham). 

Statistical  analyses.  Each  experiment  was  perfonned 
three  times  and  data  was  evaluated  by  ANOVA  with  a  post-hoc 
■fukey  test.  Values  are  given  as  mean  ±  S.E.M.  Differences  were 
considered  significant  if  P  <  0.05. 

RESULTS 

Effects  of  TNF-a  on  Septo-Hippocampal  Glial- 
Neuronal  Cocultures 

Dose-  and  time-dependent  cell  death.  An  ini¬ 
tial  dose-response  assay  was  performed  to  determine  the 
best  concentration  of  TNF-a  for  all  subsequent  experi¬ 
ments.  LDH  rele.ase  was  used  to  quantify  cell  death,  based 
on  the  me.a.surement  of  LDH  activity  released  from  the 


cytosol  of  damaged  cells  into  the  supernatant.  Exposure  of 
.septo-hippocampal  cultures  to  0.3-500  ng/mL  TNF-a 
alone  produced  minimal  toxicity  (data  not  shown);  how¬ 
ever,  with  the  addition  of  Act  D,  toxicity  w^as  significant. 
TNF-a  with  3  ng/ml  of  Act  D  induced  dose-dependent 
cell  death  (Fig.  lA).  Three  ng/ml  of  Act  1)  did  not 
significantly  produce  cell  death  compared  with  media 
control  .at  any  exposure  duration  (data  not  show'ii).  Con¬ 
centrations  of  TNF-a  betw'een  30  and  500  ng/ml  pro¬ 
duced  approximately  equivalent  levels  of  cell  death.  Thus, 
the  dose  of  30  ng/niL  was  used  for  all  sub.sequent  exper¬ 
iments.  The  percent  of  LDH  release  following  exposure  to 
30  ng/niL  of  TNF-a  compared  to  control  w'as  167%, 
261%,  319%,  383%,  and  573%  at  3.5  hr,  7  hr,  48  hr,  and 
72  hr,  respectively  (Fig.  IB). 

Morphological  response  to  TNF-a  challenge. 
TNF-a-treated  septo-hippocampal  cultures  underwent 
morphological  alterations  in  cell  structure  that  w'ere  char¬ 
acteristic  of  apoptosis.  Within  3.5  hr  after  incubation  with 
30  ng/mL  of  TNF-a,  PI  Molecular  Probes,  Eugene,  OR) 
W'as  taken  up  by  cells  and  became  even  more  apparent  at 
7  hr,  24  hr,  and  72  hr  after  injury  (Fig.  2B  vs.  C-E).  In 
addition,  nuclei  stained  with  PI  appeared  shrunken  and 
irregularly  shaped.  F19A  indicated  appe.arance  of  mem¬ 
brane  blehbing  by  3.5  hr  that  became  more  evident  at  7  hr. 
By  24—72  hr,  the  plasma  membrane  integrity  w'as  lost  and 
FDA  staining  was  lost,  giving  way  to  nucle.ar  PI  staining 
(Fig.  2A  vs.  B-  E). 

To  further  characterize  cell  death  characteristics  of 
TNF-a  toxicity  in  septo-hippocampal  cultures,  Hoechst 
33258  was  used  to  stain  nuclear  chromatin  (Fig.  .3).  Treat¬ 
ment  w'ith  TNF-a  (30  ng/ml)  and  Act  D  produced  irreg¬ 
ularly  shaped  nuclei  (Fig.  3B,G)  as  early  as  3.5  hr.  Cdiro- 
matin  of  TNF-a-treated  cells  appeared  condensed  with 
smaller  and  brighter  Hoechst  staining.  Formation  of  apo- 
ptotic  nuclei  changes  are  evident  by  7  hr  (Fig.  3C,H)  and 
became  more  clear  by  24  hr  (Fig.  3D, I).  Apoptotic  bodies 
W'ere  scattered  throughout  every  field  of  view  by  72  hr 
(Fig.  3E,J). 

DNA  fragmentation.  Condensation  and  aggre¬ 
gation  of  chromatin  at  the  nuclear  membrane  may  occur 
independently  of  endonuclease  activation  (Oberhammer 
et  al.,  1993).  Thus,  a  DNA  fragmentation  assay  was  used  to 
determine  wdiether  DNA  alterations  in  septo-hippocampal 
cultures  a.ssessed  by  Hoechst  33258  were  associated  w'ith 
endonuclea.se  activity.  Figure  4  show's  that  TNF-a  (30 
ng/niL)  with  3  ng/ml  of  Act  D  induced  detectable  DNA 
laddering  on  agarose  gels,  most  apparent  at  24  hr  following 
treatment.  However,  gels  show'ed  substantial  smearing 
even  at  24  hr,  indicating  random  DNA  fragmentation 
characteristic  of  necrosis. 

Caspase-3  but  not  Calpain  Proteolysis 
of  a-Spectrin 

Exposure  to  30  ng/ml  of  4’NF-a  caused  a  time 
dependent  proteolysis  of  by  caspase-3  but  not  calpain 
proteases  (Fig.  5).  There  was  a  significant  increase  in 
caspase-3-specific  1 20-  kDa  breakdown  products  to 
a-spectrin  as  early  as  3.5  hr  following  TNF-a  administra- 
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Fig.  1.  Concentration  and  time  course 
assays  of  tumor  necrosis  factor  (TNF-a)- 
induced  lactate  dehydrogenase  (LDM) 
release.  A:  Primaiy’  septo-hippocampal 
cultures  were  exposed  to  various  doses  of 
exogenous  TNF-a  (().3-5()0  ng/ml)  for 
48  hr.  Release  of  LDH  was  measured  for 
each  treatment  condition  and  was  ex¬ 
pressed  as  mean  percentages,  ±S.E.M., 
of  control.  B:  Percentage  of  control  of 
I  DH  release  to  the  media  following  ad¬ 
dition  of  30  ng/ml  of  TNF-a  for  1  hr  to 
48  hr.  Data  are  expressed  as  mean  per¬ 
centages,  ±  S.E.M.,  of  control.  *P  < 
0.005,  ***P<  0.001. 
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tion.  Over  the  next  72  hr,  a  flirther  increa,se  in  the  accu¬ 
mulation  of  ca.spase-3-specific  120-kDa  breakdown  prod¬ 
uct  ot  a-spectrin  was  more  evident.  In  contrast,  there  was 
no  evidence  of  accumulation  of  calpain-.specific  145-kDa 
SBDP  at  any  time  point  after  TNF-a  treatment. 

Effects  of  CalpInh-II,  Z-D-DCB,  or 
Cycloheximide  on  TNF-a-Induced  Cell  Death 
and  a-Spectrin  Proteolysis 

To  investigate  the  relative  contribution  of  calpain 
and/or  caspase-like  proteases  to  TNF-a-induced  cell 
death  and  a-spectrin  proteolysis,  the  effect  of  a  calpain 
inhibitor  (Calplnh-11)  and  a  pan  ca.spase  inhibitor  (Z-D- 
DCB)  were  examined.  Since  de  novo  protein  synthesis  is 
required  for  at  lea.st  some  fonns  of  apoptosis  and  specifi¬ 
cally  for  staurosporine-induced  apoptosis  in  septo- 
hippocampal  cultures,  the  effects  of  a  nonselective  inhib¬ 
itor  of  protein  synthesis  (cycloheximide)  were  also 
examined. 

Cell  viability  measurements.  LDH  assay  was 
used  to  assess  cell  viability  at  7  hr  following  TNF-a  and/or 
administration  of  Calpinh-ll,  Z-D-DCB,  or  cyclohexi¬ 
mide  (Fig.  6B).  Seven  hrs  after  administration  of  30  ng/ml 
of  TNF-a  with  3  ng/ml  of  Act  D,  LDH  release  increased 
to  261 .4%  over  control.  Administration  of  Z-D-DCB  (30, 
100,  140  p,M)  significantly  reduced  the  percentage  of 


LDH  release  to  183.1%,  17.3.0%,  and  156.0%,  re.spec- 
tively.  Calplnh-II  (37.5,  50  |xM)  had  no  protection  against 
LDLl  release  (268.3%,  278.3%,  respectively;  Fig.  6B).  Cy¬ 
cloheximide  (1  |JLg/ml)  had  the  greatest  effect  against  LDH 
relea.se  (137.0%)  following  7  ht  of  TNF-a  treatment. 

a-spectrin  proteolysis.  Administration  of  Z-D- 
DCB  or  cycloheximide  with  TNF-a  stimulation  signifi¬ 
cantly  decreased  the  accumulation  of  the  120-kDa  ca.spase 
specific  breakdown  product  of  a-spectrin  (Fig.  6A).  In 
contrast,  Calpinh-ll  did  not  provide  any  protection 
against  proteolysis  of  a-,spectrin.  The  results  of  these  ex¬ 
periments  confinn  that  caspase-3  but  not  calpain  was 
activated  after  TNF-a  stimulation  in  primary  septo- 
hippocampal  cultures. 

DISCUSSION 

Although  caspases  8  and  3  were  .shown  to  mediate 
TNF-a-induced  apoptosis  in  neutrophils  (Yamashita  et 
ah,  1999),  this  study  is  the  first  demonstration  that  TNF-a 
induces  activation  of  casp3se-3  in  a  mixed  neuro-glial 
culture  system.  Importantly,  these  results  indicate  that 
TNF-a  may  play  an  important  role  as  an  effector  of 
receptor-mediated  apoptotic  cell  death  in  the  CNS.  Char¬ 
acterization  of  apoptotic  cell  death  responses  to  TNF-a  in 
primary  septo-hippocampal  cultures  is  an  important  fea¬ 
ture  of  this  study  since  TNF-a  protein  is  expressed  in  the 


hippocampus  ciuring  various  CNS  injuries  in  vivo,  includ¬ 
ing  cerebral  ischemia  (C'.ong  et  al,  1998),  traumatic  brain 
injury'  (Shohami  et  al.,  1997),  and  epilepsy  (de  Bock  et  al., 
1996).  Thus,  primary'  septo-hippocampal  cell  cultures  can 
provide  an  efficient  in  vitro  tool  for  investigation  of  cel¬ 
lular  and  molecular  mechanisms  underlying  apoptotic  cell 
death  relevant  to  in  vivo  C'NS  neuropathologies.  Since 
Act  1 )  alone  did  not  affect  the  viability  of  septo- 
hippocampal  cell  cultures,  as  assessed  by  LDH  release,  it  is 
unlikely  tliat  Act  D  significantly  contributed  to  the  cell 
death  profile  observed  in  these  studies. 

Characterization  of  TNF-a-Induced  Apoptotic 
Cell  Death 

In  mixed  primary  septo-hippocampal  cultures, 
TNF-a  (0.3- .500  ng/ml)  produced  apoptotic  cell  death 
characterized  by  the  appearance  of  membrane  blebbing, 
shrunken  condensed  nuclei,  uneven  distribution  of  DNA 
staining,  formation  of  apoptotic  bodies,  and  DNA  frag¬ 
mentation.  These  are  typical  phenotypic  characteri.stics  of 
apoptosis  (Wyllie  et  al.,  1980).  Additionally',  cell  death  was 
significantly  prevented  by  the  broad  range  protein  synthc- 
.sis  inhibitor,  cycloheximidc.  We  have  previously  shown 
that  protein  sy'iithesis  is  a  rec]uirement  for  caspase-3  acti¬ 
vation  and  apoptotic  cell  death  in  this  same  culture  system 
during  staurosporine  induced  apoptosis  (Bike  et  al.,  1998). 
Cycloheximide  is  thought  to  protect  cells  from  apoptosis 
through  inhibition  of  de  novo  protein  synthesis  of  pro- 
apoptotic  proteins  that  are  up-regulated  during  apoptosis 
(Koh  et  al.,  1995;  Pike  et  al.,  1998).  However,  neuropro- 
tective  concentrations  of  cycloheximide  can  induce  ex¬ 
pression  of  the  anti-apoptotic  gene  product  Bcl-2  in  hip¬ 
pocampal  cell  cultures  (Funikawa  et  al.,  1997).  Further 
research  is  retjuired  to  elucidate  the  role  of  transcriptional 
and  translational  regulators  on  apoptotic  cascades.  Al¬ 
though  calpain  activation  can  contribute  to  staurosporine- 
induced  apoptotic  cell  death  in  septo-hippocampal  cell 
cultures  (Pike  et  al.,  1998),  calpain  inhibition  had  no  effect 
on  TNF-a-induced  cell  death  in  the  present  model. 
TNF-ct  induced  caspase-3  but  not  calpain  proteolysis  of 
a-spectrin  during  apoptotic  cell  death  in  septo- 
hippocampal  culture. 

The  cytoskeletal  protein  a-spectrin  is  a  preferred 
substrate  of  calpain  and  caspase-3  cysteine  proteases.  Ter- 


Fig.  2.  Fluorescein  diacctate  (FDA)  and  propidium  iodide  (PI)  staining 
of  septo-hippocampal  cultures  treated  with  rNF-ot  and  actinomycin  D. 
A:  C.ontrol  cultures  demonstrate  norm.al  somal  integrity  and  lack  of 
nuclear  PI  uptake.  Note  conrtuent  astroglial  cell  layer  (curved  arrows) 
beneath  mature  neuronal  cell  phenotypes  (open  arrows).  Cells  were 
treated  with  TNF-a  for  3.5  (B),  7  (C).  24  (D),  or  72  (E)  hr.  By  3..5  hr, 
some  cells  have  lost  retention  of  FI  )A  and  bind  PI  to  their  nucleus,  thus 
indicating  cell  death.  Membrane  blebbing  is  obseived  (B,  arrow), 
indicating  a  preserved  integrity  of  the  plasma  membrane  characteristic 
of  apoptosis.  After  7  hr  of  TNF-a  treatment,  an  increase  in  the  number 
of  Pl-stained  nuclei  is  observed.  In  addition,  membrane  blebbing  is 
more  evident.  After  24  (14)  and  72  (E)  hr  of  TNF-a  treatment,  the 
majority  of  cell  nuclei  are  stained  with  PI  and  appear  shrunken  (curved 
arrows  in  E)  comp,ircd  to  tliose  observed  at  3..S  hr  (B).  .Scale  bar  —  10  gM. 


■x 


#■« 


1*  -TV*  ^ 

|«.v  ^ 

‘V  ,  !'  ')  - 

,  ^  *  . 

r  • 

j 

1 

•■-V  _ 

1  .5 

*  •»  . 

1  I&  : 

fir'f 


Fig.  3.  Course  of  nuclear  morphologic  alterations  during  exogenous 
TNF-a-induced  apoptosis  dctcetetl  by  Hoechst  33258  staining.  A,F: 
Control  cultures.  Cells  were  treated  with  30  ng/rnl  of  TNF-a  and 
Actinoniycin  D  for  3.5  (B,G),  7  (C,H).  24  (D,I),  or  72  (EJ)  hr. 
TNF-n-treated  cells  possess  irregularly  shaped  nuclei  with  eotidensed 
chromatin,  which  are  brightly  stained  with  Hoeclist  (H.C-I.  arrows). 


While  some  characteristic  apoptotic  nuclear  changes  such  as  nuclear 
membrane  breakdown  and  fonnation  of  apoptotic  bodies  was  evident 
as  early  as  7  hr  (C,  arrow),  widespread  apoptotic  bodies  (E.  J,  arrows) 
were  not  evident  until  72  hr  following  TNF-a  treatment.  Scale  bars  = 
10  jjlM. 
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Fig,  4.  Oligonucleosomal  size  fragmentation  of  DNA  produced  by 
TNF-a  on  septo-hippocampal  cultures.  TNF-a  (30  ng/mL)  induced 
readily  apparent  DNA  laddering  on  agarose  gels  at  24  hr,  and  faint 
DNA  laddering  at  6  hr  and  72  hr,  but  none  at  15  min,  1  hr,  or  3  hr 
following  treatment. 


niinal  sequencing  of  the  major  a-spectrin  fragments  has 
confinned  .specific  calpain  and  caspase-3  target  sites  for  the 
145-kl)a  and  120-k]5a  fragments,  respectively  (Wang  et 
al.,  1998).  The  distribution  of  calpain  and  ca,spases  acting 
on  a-spectrin  to  produce  a  calpain-specific  145-kDa  trag- 
ment  and  an  apoptotic-linked  caspa.se-specific  120-kDa 
fragment  during  neuronal  apoptosis  and  necro.sis  has  been 
well  characterized  (Pike  et  al.,  1998;  Zhao  et  al.,  1999; 
Nath  et  al.,  1995).  Our  data  did  not  show  any  15()-kDa 
and  145-kDa  SBDPs,  only  the  120-kDa  SBDP  which 
appeared  as  early  as  3.5  hr  after  the  treatments  and  lasted 
over  the  72  hr.  These  data  supports  the  activation  of 
casp,ase-3  and  not  calpain. 

Effects  of  Calpain  and  Caspase  Inhibitors  on  TNF- 
a-Induced  Apoptosis 

The  pan-ca.spa.se  inhibitor  Z-D-DCB  but  not  calpain 
inhibitor  Calplnh-Il  attenuated  cell  death.  Importantly, 
we  confinned  that  the  dose  of  Z-D-DCB  used  in  this 
study  inhibited  ca,spase-3  activation  inferred  by  decreased 
proteolysis  of  a-spectrin.  Ikeduced  cell  death  produced  by 
Z-D-DCB  suggests  that  TNF-a-induced  apoptosis  in 
septo-hippocampal  cultures  is  at  least  partially  attributable 
to  caspase-3  activation.  In  models  of  ischemia  and  status 
epilepticus,  caspa.se-3  inhibitors  have  decreased  apoptosis, 
loss  of  neurons,  and  ameliorated  neurologic  deficits  (Kon¬ 
dratyev  and  dale,  2000;  Weissner  et  al.,  2000;  Endress  et 
al.,  1998;  Gillardon  et  al.,  1999).  However,  caspase-3 
inhibition  only  partially  reduced  cell  death,  indicating  that 
non-caspase-3-dependent  pathways  could  also  be  acti¬ 
vated,  or  that  caspase-3  activation  may  be  associated  with 
other  cellular  pathways.  For  example,  Miossec  et  al.  (1997) 
demonstrated  that  caspase-3  (CFF32)  processing  could  be 
a  physiological  step  during  T  lymphocyte  activation,  in¬ 
dependent  of  apoptosis. 

A  receptor-mediated  pathway  can  trigger  caspase-3 
activation  (for  review,  see  Goeddel,  1999;  Ksontini  et  al., 
1998).  Most  cell  types,  including  neural  cells,  expre.ss 
TNF-a  receptor  1  (TNFRl;  55  kDa)  which  is  activated 
by  soluble  TNF-a.  Apoptosis  through  TNF-R2  appears 
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Fig.  5.  TNF-a  produced  caspase-3-specific  but  not  calpain-spccific  a-spectrin  breakdown  products 
(BDPs).  Western  blots  examining  proteolysis  of  a-spectrin  into  150-kDa.  calpain-specific  145-kDa, 
and  caspase  3-specific  120-kDa  HDFs  detected  after  3  hr,  7  hr,  24  hr,  and  72  hr  following  TNF-a 
(30  ng/ml)  with  3  ng/ml  of  Actinomycin  D  treatment.  TNF-a  treatment  produced  no  increases  in 
calpain-.specific  145-kDa  IJDPs,  but  caused  a  marked  increase  in  the  caspase-3-specific  120-kDa  BDP. 
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Fig.  6.  TNF-a  produced  ca.spa.se-3  but 
not  calpaiii  protease  activation  associated 
with  LDH  release.  A:  Western  blots  e.\- 
ainine  proteolysis  of  a-spectrin  into 
150-kDa,  calpain-specific  HS-kOa,  and 
caspase-3-specific  12()-kL)a  breakdown 
products.  Accumulation  of  120-kl)a 
breakdown  products  to  a-spectrin  was 
seen  7  hr  following  TNF-a  treatment 
(30  mg/ ml),  as  compared  to  untreated 
controls.  TNF-a  treatment  produced  no 
increases  in  I.S0-kl)a  and  145-kDa 
iJDPs.  Administration  of  carbobenzosy- 
.Asp-CiH2-OC  (0)-2-6-dichlorobenzene 
(Z-D-DCIJ)  or  cyclohe.ximide  (CHX) 
markedly  decreased  accumulation  of  120- 
kDa  breakdown  products  to  a-spectrin. 
Calpain  inhibitor  II  had  no  effect  on 
a-spectrin  processing.  B:  LDH  rele.ase 
(percentage  of  untreated  controls)  was 
calculated  7  hr  after  administration  of 
TNF-a  (30  mg/ml)  or  coadministration 
of  caspase  inhibitor,  Z-D-DCB  (50  p.M, 
100  p.M),  the  protein  synthesis  inhibitor 
cycloheximide  (1  pg/ml),  or  the  calpain 
inhibitor,  calpain  inhibitor  II  (25  pM, 
.37.5  pM).  Z-D-DCB  and  cyclohexi¬ 
mide,  but  not  calpain  inhibitor  II,  signif¬ 
icantly  decreased  LDH  release  induced 
by  TNF-a  (**P<  0.01,  ***P<  0.001). 


to  signal  through  a  different  pathway  involving  induction 
of  sphingomyelinases  (Grell  et  al.,  1994).  TNF-Rl,  when 
activated,  recruits  TRADD  (TNF-associated  Death  Do¬ 
main  protein)  and  RIP  (Receptor  Interacting  Protein). 
TRADD  can  interact  with  TRAF2  (TNF-associated  fac¬ 
tor  2)  or  with  another  adapter  protein,  FADD  (Fas  asso¬ 
ciating  protein  with  Death  Domain;  Ashkenazi  and  Dixit, 
1998;  Goeddel,  1999).  A  TRADD-FADD-ca.spase-8/10 
interaction  has  been  reported  to  produce  the  autolytic 
activation  of  ca.spase-8/10,  which  in  turn  processes  and 
activates  the  common  apoptosis  mediator,  caspase-3  (Villa 
et  al.,  1997).  In  the  present  study,  we  report  on  the 
cytotoxic  effect  of  TNF-a  on  septo-hippocampal  cell 
culture,  which  contained  both  astrocytes  and  neurons. 
Taken  from  a  brain  area  which  is  vulnerable  to  ischemic 
and  traumatic  injury,  this  mixed  culture  is  a  highly  relevant 
model  to  investigate  the  role  of  TNF-a  in  the  pathophys¬ 
iology  of  brain  injury.  The  question  of  whether  this  cy¬ 
tokine  is  toxic  or  protective  in  the  injured  brain  has  been 
raised  in  numerous  publications  in  the  past  decade.  Con¬ 
tradiction  appears  in  the  literature  between  reports  on 
protective  effects  of  anti-  TNF-a  agents,  and  the  delete¬ 
rious  effects  of  TNF-a  receptor  knockouts  in  models  of 
cerebral  ischemia  and  trauma  (for  review,  see  Shohami  et 
al.,  1999).  The  present  study  sheds  light  on  the  toxic  role 
TNF-a  might  play,  within  the  first  days  after  exposure  to 
higher  than  nonnal  physiologic  levels  of  TNF-a,  by  ac¬ 
tivating  apoptotic  response.  In  contrast,  Barger  et  al. 
(1995)  demonstrated  that  TNF-a  is  protective  against  iron 


and  amyloid-P  peptide  in  cultured  hippocampal  and  neo- 
cortical  astrocytes  1995,  and  Mattson  et  al.  (1995)  showed 
protective  effects  of  TNF-a  under  conditions  of  glucose 
deprivation  and  glutamate  toxicity.  These  authors  have 
demonstrated  up-regulation  of  calbindin  and  of  MnSOD 
in  response  to  exposure  to  TNF-a.  The  difference  be¬ 
tween  the  various  experimental  paradigms,  namely,  differ¬ 
ent  cell  types,  different  insults  and  time  of  exposure,  may 
explain  the  difference  between  the  role  TNF-a  plays 
under  these  conditions.  In  conclusion,  we  propose  that 
under  the  experimental  conditions  employed  in  the 
present  study,  TNF-a  is  pro-apoptotic  and  therefore,  its 
inhibition  in  the  acute  postinjury  pha.se  may  be  beneficial. 
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